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Ovarian steroids assist in the development of the follicle and its enclosed oocyte
as well as prepare the maternal environment for pregnancy. The objective of experiment
1 was to elucidate the differences between dominant follicles of each follicular wave in
terms of intra-follicular concentration of steroids after 4 d of dominance. Differences in
blood perfusion between the dominant follicle of the first and second non-ovulatory wave
were also examined. Follicular waves were monitored daily via ultrasonography from
emergence to aspiration of the dominant follicle. It was determined that although the
dominant follicles aspirated from ovulatory waves possessed a greater concentration of
estradiol and a greater ratio of estradiol to progesterone, there was no difference in
concentrations of steroid hormones or the ratio of estradiol to progesterone between
dominant follicles collected from non-ovulatory waves and ovulatory waves. In a subset
of cows, blood perfusion tended to be greater in dominant follicles that developed during
the second non-ovulatory wave. The objective of experiment 2 was to determine whether
or not the follicular wave had an effect on diameter of the ovulatory follicle, thickness of
the endometrium, or subsequent pregnancy rates. Estrus was synchronized in females in

such a way that females would ovulate the dominant follicle of the first or second
follicular wave at timed artificial insemination. Diameter of the ovulatory follicle and
endometrial thickness were not different between treatments; however, increased
pregnancy rates were observed in heifers that ovulated the dominant follicle of the second
follicular wave. There was no effect of follicular wave on pregnancy rates in cows. In
conclusion, the role of follicular wave on the dominant follicle, maternal environment,
and subsequent pregnancy rates is not fully understood. Additional experiments need to
be conducted to further elucidate the differences in developmental potential of the oocyte
and maternal environment when the dominant follicle of the first and second wave are
destined to become the ovulatory follicle at timed insemination.
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CHAPTER I
REVIEW OF THE LITERATURE
Introduction
Meat and milk are some of the lowest-cost sources of nutrient dense foods
available to humans (Drewnowski, 2010). This places a large burden on livestock
producers who must produce more animal products to sustain the growing population,
while using fewer resources. The United States dairy industry has made great strides in
efficiency, using 79% fewer animals, 77% fewer feedstuffs, 65% less water, and 90%
less land required to produce one billion kilograms of milk compared to production
systems in 1944 (Capper et al., 2009). Fifty five percent of the increase in the efficiency
of the dairy industry can be attributed to genetic progress (Shook, 2006) some of which
was made due to the widespread implementation of artificial insemination (AI; NAHMS,
2009a). Efficiency in the beef industry has also improved, using 30.1% fewer animals,
18.6% fewer feedstuffs, 12.1% less water, and 33% less land to produce 1 billion
kilograms of beef when compared to production practices in 1977 (Capper, 2011).
However, the genetic progress cannot be largely attributed to the use of semen from
genetically superior bulls via AI as only 7.6% of beef producers, predominantly
seedstock producers, artificially inseminate their females (NAHMS, 2009b).
In the beef industry, animals are managed much less intensively than the dairy
industry. Producers have been slow to adopt estrus synchronization and AI regimens. The
1

most prevalent reasons for the lack of adoptions include labor and time constraints, cost
and difficulty of implementation, and questionable success rates (Kesler, 2003; NAHMS,
2009b; Joseph, 2013). Research in synchronization protocols continues in order to
identify alterations that may reduce the number of handlings and/or injections to relieve
labor and monetary concerns, and tighten the synchrony of estrus in order to increase
pregnancy rates. These improvements may increase the use of estrus synchronization and
AI in the beef industry. Research examining the effect of synchronization protocols on
the development of the oocyte and uterine environment, however, is lagging. In order to
better understand the physiology behind the processes resulting in a successful pregnancy
and how they may be affected during synchronization of estrus, this review of the
literature was conducted.
The Estrous Cycle
Overview of the Estrous Cycle
The estrous cycle is a series of reproductive events that begin at estrus – the
period of sexual receptivity – and end at the onset of the subsequent estrus. The estrous
cycle of cows ranges between 17 and 24 d, with an average of 21 d in length (Wishart,
1972) and occur regularly throughout the year, naturally interrupted by pregnancy,
dystocia (Laster et al., 1973), postpartum body condition (Montgomery et al., 1985;
Richards et al., 1986), and suckling (Clapp, 1937; Wiltbank and Cook, 1958; Radford et
al., 1978; Murphy et al., 1990) in healthy females.
The estrous cycle is divided into two phases: the follicular phase, which
encompasses the period from regression of the corpus luteum (CL) to ovulation, and the
luteal phase which consists of the period from ovulation to regression of the CL. These
2

phases are further subdivided into four stages: proestrus and estrus within the follicular
phase, and metestrus and diestrus within the luteal phase.
Endocrine Regulation of the Estrous Cycle
Proestrus is initiated upon regression of the CL. The concentration of
progesterone decreases and the frequency of pulses of gonadotropin-releasing hormone
(GnRH) increases (Moenter et al., 1991) stimulating the gonadotropins, folliclestimulating hormone (FSH) and luteinizing hormone (LH), to be secreted which mature
the developing Graafian follicle and initiate follicular steroidogenesis (pigs, Channing
and Kammerman, 1973; rats, Uilenbroek and Richards, 1979; sheep, Carson et al., 1979;
cows, Ireland and Roche, 1983a; Ireland et al., 1984). In rat ovaries, the theca interna
cells stimulated by LH, produced androgens (Fortune and Armstrong, 1977) which were
converted to estradiol by the granulosa cells under the influence of FSH (Moon et al.,
1975; Erickson and Hsueh, 1978; Fortune and Armstrong, 1978).
The concentration of estradiol reaches the required threshold (Asdell et al., 1945)
and causes females to enter into estrus for a period of 12 to 18 h (Nalbandov and Casida,
1942). Estradiol increases the number of GnRH receptors present in the pituitary of the
ewe, increasing its sensitivity to GnRH (Gregg and Nett, 1989). The increase in estradiol
initiates a surge of GnRH causing the surge of LH (Hausler and Malven, 1976; Caraty et
al., 1989; Moenter et al., 1990) which occurs 3 to 10 h after the onset of estrus. This
surge induces ovulation, and thus, the beginning of metestrus, 22 to 26 h later (Henricks
et al., 1970; Randel et al., 1973; Zalesky et al., 1985).
Following ovulation, the follicular wall collapses and coalesces into a CL which
is necessary for the development of the maternal environment and maintenance of
3

pregnancy. The CL consists of a variety of cell types including the granulosa- and thecaderived, steroidogenic large and small luteal cells (Donaldson and Hansel, 1965). Bovine
CL are functionally mature at d 5 of the estrous cycle (d 0 = ovulation), the start of
diestrus, (Lauderdale, 1972) and secrete maximal concentrations of progesterone between
d 11 and 16 (Martin et al., 2013). Should the oocyte be fertilized, presence of the
conceptus will prevent regression of the CL (Moor and Rowson, 1966; Rowson and
Moor, 1967) due to the antiluteolytic effects of the trophoblast-secreted interferon tau
(Thatcher et al., 1989). However, if the oocyte is not fertilized or if there is a substantial
delay in or no maternal recognition of pregnancy, luteolysis will occur.
Prostaglandin F2α (PGF2α) is produced by the uterus at the end of diestrus (Poyser,
1972) and diffuses from the uterine vein to the closely associated ovarian artery (Ginther
and Del Campo, 1973; Mapletoft et al., 1976). Luteolysis occurs in two stages, beginning
with functional luteolysis in which the CL loses its ability to produce progesterone
(Malven and Sawyer, 1966). The amplitude of pulses of PGF2α increases over a period of
approximately 36 h and causes a decrease in the concentration of progesterone (Thorburn
et al., 1973). Functional luteolysis is followed by structural luteolysis in which the
nonfunctional structure involutes (Malven and Sawyer, 1966) becoming scar tissue,
termed the corpus albicans.
Biosynthesis of Estradiol and Progesterone
In the female, steroid hormones are primarily produced by ovarian tissue ̶
estradiol by the dominant follicle and progesterone by the CL. Steroid hormones are
derived from cholesterol and their biosynthesis begins with the transport of cholesterol
from the outer mitochondrial membrane to the inner mitochondrial membrane via
4

steroidogenic acute regulatory protein (StAR; Kallen et al., 1998). Within the
mitochondria, cholesterol is converted to pregnenolone by cytochrome P450 side chain
cleavage (Bun-Ichi, 1973). Pregnenolone then exits the mitochondria and further
conversions occur within the endoplasmic reticulum (Bun-Ichi, 1973). Pregnenolone is
converted to progesterone via 3β-hydroxysteroid dehydrogenase, which is converted to
17α-hydroxyprogesterone by 17α-hydroxylase (Bun-Ichi, 1973). Androstenedione is
formed from the conversion of 17α-hydroxyprogesterone by 17, 20 lyase, which gets
converted to testosterone by 17β-hydroxysteroid dehydrogenase (Bun-Ichi, 1973).
Cytochrome P450 aromatase converts testosterone into estradiol-17β (Bun-Ichi, 1973).
Hepatic Catabolism of Estradiol and Progesterone
Cytochrome P450 1A (CYP1A), 2C, 3A, uridine diphosphateglucuronosyltranferase (UGT) and aldo-ketoreductase 1C (AKR1C) are the primary
enzymes within the liver responsible for adding polar groups to steroid hormones,
allowing them to be more readily excreted through urine and feces. Progesterone is
inactivated in the first phase by CYP2C, CYP3A, and AKR1C via the addition of
hydroxyl groups, resulting in hydroxyprogesterone metabolites (Murray, 1991; Murray,
1992; Penning et al., 2000; Lemley and Wilson, 2010). The hydroxyprogesterone
metabolites are then conjugated with glucuronic acid via UGT during the second phase
(Bowalgaha et al., 2007). Estradiol-17β is converted to estrone by 17β-hydroxysteroid
dehydrogenase types 1 and 2 which is then hydroxylated by CYP1A and CYP3A to form
catechol-estradiols (Telang et al., 1996; Hart et al., 2014). Similar to progesterone, the
second phase of estradiol inactivation involves the conjugation of catechol-estradiols with
glucuronic acid via UGT (Senafi et al., 1994; Zhu et al., 1996).
5

Follicular Development throughout the Estrous Cycle
Antral Follicles
During initial recruitment, primordial follicles are awakened from the resting pool
and recruited to develop further, acquiring fluid in a cavity known as an antrum. During
cyclic recruitment a cohort of those early antral follicles are rescued by a surge of FSH
and permitted to continue growing (Adams et al., 1992). As development progresses,
FSH induces the formation of LH receptors on granulosa cells (Zeleznik et al., 1974;
Richards et al., 1976) within the follicle selected to become dominant. No longer
dependent on FSH, the granulosa cells of the estrogen-active dominant follicle continue
to secrete estradiol and begin to secrete follistatin and inhibin (Henderson and
Franchimont, 1981; Klein et al., 1991; Braw-Tal, 1994; Singh and Adams, 1998), which
inhibit secretion of FSH from the anterior pituitary (Robertson et al., 1986; Ueno et al.,
1987) and induce atresia of the still FSH-dependent subordinate follicles (Vitale et al.,
2002). The antrum of the dominant follicle becomes larger and the follicle reaches the
capacity to ovulate when it is approximately 10 mm in diameter in cows (Martinez et al.,
1999; Sartori et al., 2001).
At approximately 2 mm, antral follicles are large enough to be visualized via
ultrasound. The number of antral follicles present on the ovary at a given time is referred
to as the antral follicle count (AFC). The ovarian reserve of oocytes becomes depleted
over time (Erickson, 1966), reducing the number of antral follicles present in the ovary
(Chang et al., 1996; Cushman et al., 2009; Rosen et al., 2011). In cattle there is a large
variation of AFC among animals, but it is highly repeatable within individuals (Burns et
al., 2005; Ireland et al., 2007).
6

Women with a greater AFC were more likely to become pregnant than their low
AFC counterparts (Chang et al., 1996; Rosen et al., 2011). Additionally, peripheral
concentrations of estradiol on the d of induced ovulation were positively correlated to
AFC (Chang et al., 1996). The concentration of FSH was also greater in females with a
low AFC (Rosen et al., 2011). These findings are consistent with those reported in cattle.
Dairy cows classified as having a low AFC have a lesser overall pregnancy rate and
greater calving to conception interval compared to dairy cows classified as intermediate
or high AFC (Mossa et al., 2012). Superovulated beef heifers classified as high AFC
yielded a greater number of embryos and number of transferable embryos than heifers
classified as low AFC (Ireland et al., 2007). Additionally, a greater number of highquality oocytes were recovered and developed to the blastocyst stage in unstimulated
heifers with a high AFC compared to their counterparts with a low AFC (Ireland et al.,
2007).
Dairy females (Burns et al., 2005) and beef heifers (Ireland et al., 2007) with a
low AFC have a greater circulating concentration of FSH, and a greater intra-follicular
concentration of estradiol in beef heifers (Ireland et al., 2009), which can cause
chromosomal abnormalities during oocyte development (Beker-van Woudenberg et al.,
2004). Poor fertility may also be a result of a difference in functionality of the CL and
uterine environment. The CL from beef and dairy females with a low AFC had reduced
concentrations of StAR and mRNA for StAR and LH receptors, and produced less
progesterone than the CL from females with a high AFC (Jimenez-Krassel et al., 2009).

7

Follicular Waves
The synchronous development of a cohort of ovarian follicles in a series of 2
waves during an estrous cycle in cattle was first hypothesized by Rajakoski (1960) and
supported by several researchers (Swanson et al., 1972; Matton et al., 1981; Pierson and
Ginther, 1987a). However, studies conducted by Ireland and Roche (1983a; 1983b)
reported large concentrations of estradiol in 3 large estrogen-active follicles during an
estrous cycle which led to their conclusion that cattle exhibited 3 waves of follicular
development. Experiments utilizing daily transrectal ultrasonography and ovarian
mapping have confirmed the existence of 2- (Pierson and Ginther, 1988; Ginther et al.,
1989; Knopf et al., 1989) and 3-wave patterns (Savio et al., 1988; Sirois and Fortune,
1988) of follicular development.
Although the mechanism controlling the occurrence of 2 or 3 waves has not been
elucidated, Ginther et al. (1989) reported luteal phases an average of 2.7 d longer in dairy
heifers exhibiting 3 versus 2 waves. The extended duration of the luteal phase is thought
to allow the emergence of that third wave prior to luteolysis (Ginther et al., 1989) though
a shorter interval between the emergence of consecutive follicular waves may also allow
the third wave to develop prior to luteolysis (Sirois and Fortune, 1988; Ginther et al.,
1989; Noseir, 2003). There is variation among cows with regards to the number of
follicular waves that develop during an estrous cycle; however, a study conducted in beef
heifers reported that an individual female exhibits a certain pattern of follicular
development and does so consistently (70% repeatability; Jaiswal et al., 2009).
Additionally, an increased incidence of 2-wave patterns were observed in more mature
heifers (18 to 24 months old) compared to their younger (14 to 17 months old)
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counterparts who were more likely to exhibit 3-wave patterns (Jaiswal et al., 2009) Less
than 5% of bovine estrous cycles are composed of greater than 3 follicular waves
(Adams, 1999).
Each follicular wave consists of 8 to 41 (average of 24) antral follicles
approximately 3 mm in diameter and a future dominant follicle at 4 mm in diameter
(Ginther et al., 1996). These waves emerge on d 0 (d of ovulation) and d 10 in females
with 2 follicular waves and d 0, 9 and 16 in females with 3 follicular waves (Ginther et
al., 1989) following a surge of FSH (Adams et al., 1992). The interval from detection to
ovulation of the ovulatory follicle was 9.0 to 10.9 d in females demonstrating 2 follicular
waves and 6.1 to 6.8 d in females with 3 waves of follicular development (Savio et al.,
1988; Ginther et al., 1989). Townson et al. (2002) reported pregnancy rates of 63% and
81% in dairy cows exhibiting 2 and 3 follicular waves, respectively. Reduced fertility
was attributed to females that exhibited a pattern of 2 waves to ovulate follicles
approximately 1.5 d older than their 3-wave counterparts (Townson et al., 2002).
However, Ahmad et al. (1997) and Bleach et al. (2004) did not observe any differences in
pregnancy rates between beef or dairy females, respectively, displaying 2 or 3 follicular
waves, although the interval from emergence to estrus was approximately 1 d less in
dairy cows that became pregnant (Bleach et al., 2004).
Competence of the Oocyte
In order for sexual reproduction to be successful, the oocyte and subsequent
conceptus must possess 5 abilities: resumption of meiosis, cleavage following
fertilization, development to the blastocyst stage, signal that pregnancy has occurred, and
development to term in good health (Sirard et al., 2006). These abilities are progressively
9

acquired by the oocyte throughout its development. The development of the oocyte relies
on the follicle it is encased within, specifically the cumulus granulosa cells with which
the oocyte shares gap junctions (Anderson and Albertini, 1976). Gap junctions may
provide a means of bidirectional communication between the oocyte and the surrounding
follicular cells, ensuring a suitable microenvironment (Eppig, 2001). There are 3 stages
of oocyte maturation: meiotic maturation, cytoplasmic/molecular maturation (Sirard et
al., 2006).
Meiotic maturation is the term used to define the process of an oocyte progressing
from the germinal vesicle stage to metaphase II and is very precisely regulated (Sorenson
and Wassarman, 1976). Studies conducted using bovine oocytes have shown that meiotic
arrest is regulated by cyclic adenosine monophosphate (cAMP) within the oocyte (Conti
et al., 2002). The mechanism by which the surge of LH initiates resumption of meiosis is
unknown. However, one hypothesis involves LH halting the production of an
unidentified meiotic inhibitory substance (Sirard et al., 2006), decreasing cAMP within
the oocyte (Mehlmann, 2005). The decrease in cAMP allows activation of cyclin B which
initiates the resumption of meiosis (Lévesque and Sirard, 1996) to metaphase II. At this
point the oocyte is prepared for fertilization.
Reorganization of organelles by the cytoskeleton (Sun and Schatten, 2006) is the
microscopically visible event of cytoplasmic maturation (Ferreira et al., 2009). In bovine
oocytes, mitochondria, responsible for energy supply, are moved from the periphery
(Kruip et al., 1983; Hytell et al., 1997) to a more central location in the ooplasm (Hytell
et al., 1997). The endoplasmic reticulum is critical in the regulation of intracellular
calcium, essential during the process of fertilization (Ferreira et al., 2009). In mouse
10

oocytes, the endoplasmic reticulum is distributed throughout the ooplasm; however,
during progression to metaphase II, the endoplasmic reticulum is transported to the
periphery of the ooplasm (Stricker, 2006). A similar migration pattern is observed with
cortical granules in bovine oocytes, which are aggregated in clusters through the ooplasm
and are distributed under the plasma membrane by the time the oocyte reaches metaphase
II (Hosoe and Shioya, 1997). Penetration by a spermatozoon induces calcium release by
the endoplasmic reticulum which stimulates the cortical granules to release their contents,
preventing polyspermy (Haley and Wessel, 2004).
The accumulation of messenger ribonucleic acids (mRNA) and proteins is the
microscopically invisible event associated with cytoplasmic/molecular maturation and is
the least understood (Sirard et al., 2006; Ferreira et al., 2009). The early embryo depends
on the accumulation of these maternally derived molecules as the embryonic genome is
not activated until after the third cleavage division (Barnes and Eyestone, 1990).
Incorporation of 3H-uridine by oocytes is greater in smaller oocytes (Fair et al., 1995) and
in oocytes in the early stages of in vitro maturation (Tomek et al., 2002) indicating RNA
synthesis. These RNA molecules persist in a translationally inactive state until the
molecules they code for are required by the oocyte or early embryo (Tomek et al., 2004).
The incorporation of 3H-uridine decreases as in vitro maturation progresses indicating a
decline in transcription (Tomek et al., 2002). However, the incorporation of 3Hadenosine, was greatest 6 to 10 hours into in vitro maturation (Tomek et al., 2002) which
corresponds to the start of germinal vesicle breakdown and progression to metaphase I
(Sirard et al., 1989). An increase in incorporation of 3H-adenosine is indicative of
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polyadenylation of mRNA which allows it to be translated by ribosomes into proteins
(Tomek et al., 2002).
Factors Affecting Oocyte Competence
Diameter of the Oocyte
The oocytes in bovine primordial follicles are approximately 25 μm in diameter
(Wandji et al., 1996) whereas meiotically competent oocytes are approximately 120 μm
in diameter (Fair et al., 1995). Transcriptional activity in bovine oocytes is first observed
in secondary follicles and continues in oocytes from tertiary follicles (Fair et al., 1997).
Transcriptional activity, determined by incorporation of 3H-uridine, was greater in
growing oocytes < 110 μm in diameter compared to mature oocytes ≥ 110 μm in diameter
(Fair et al., 1995).
In adolescent mice, mean diameter was greater in oocytes that underwent
germinal vesicle breakdown compared to the oocytes that retained their germinal vesicle
(Sorenson and Wassarman, 1976). Additionally, oocytes collected from older mice were
greater in diameter and a larger proportion developed to metaphase II compared to
oocytes collected from younger mice (Sorenson and Wassarman, 1976). Similar results
have been reported in bovine oocytes. Oocytes were grouped by diameter: < 100 μm, 100
to < 110 μm, 110 to < 120 μm, and > 120 μm, and 21.2%, 42.3%, 75.9%, and 80.7% of
oocytes in each size category reached metaphase II in vitro, respectively (Fair et al.,
1995). Otoi et al. (1997) reported similar results to Fair et al. (1995) in diameter-related
ability to complete meiosis. Additionally, the polyspermic fertilization rate was decreased
in oocytes that were at least 115 μm in diameter, and the percentage of oocytes
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developing to the blastocyst stage was greatest in oocytes between 120 and < 130 μm in
diameter (Otoi et al., 1997).
Size of the Dominant Follicle
A study conducted in women reported significantly greater in vitro fertilization
rates of oocytes aspirated from follicles with volumes of follicular fluid greater than 1 mL
compared to oocytes from follicles with a volume of 1 mL or less, although cleavage
rates and quality of resulting embryos did not differ (Salha et al., 1998). Similar results
have been reported in cattle. Pavlok et al. (1992) concluded that oocytes collected from
follicles between 2 and 8 mm in diameter had a similar developmental potential, whereas
the developmental potential of oocytes collected from follicles 1 to 2 mm in diameter was
impaired. However, several other studies have reported differences in developmental
potential of oocytes from small and medium antral follicles. Oocytes derived from
follicles 2 to 6 mm or > 6 mm in diameter had greater cleavage rates compared to oocytes
derived from follicles < 2 mm in diameter, and a greater proportion of fertilized oocytes
developed into blastocysts compared to oocytes collected from follicles < 2 mm and 2 to
6 mm in diameter (Tan and Lu, 1990). Lonergan et al. (1994) also concluded that the
developmental potential of oocytes from follicles > 6 mm in diameter was greater
compared to oocytes derived from follicles 2 to 6 mm in diameter. Additionally, Lequarre
et al. (2005) reported an increased proportion of blastocyst development upon
fertilization of oocytes derived from follicles ≥ 6 mm in diameter compared to oocytes
derived from follicles < 4 mm in diameter.
Studies conducted in cattle have also reported an increase in pregnancy rates in
beef (Perry et al., 2005) and dairy (Vasconcelos et al., 2001; Lopes et al., 2007) cows
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with increasing diameter of the preovulatory follicle. Regression analysis indicated a
maximum pregnancy rate of 84% in beef cows induced to ovulate a follicle that was 14.7
mm in diameter (Perry et al., 2005). Further, maximum pregnancy rate in synchronized
females was lesser (approximately 70%) in females induced to ovulate a follicle 12.8 mm
or less. Conversely, maximum pregnancy rate was independent of follicular size in beef
cows that spontaneously ovulated (Perry et al., 2005). The lack of association between
ovulatory follicle size and pregnancy rates during a spontaneous ovulation suggests that
the intra-follicular environment is primarily responsible for development of the oocyte
while the increase in diameter is a consequence of follicular development. Follicular fluid
is composed of secretions from the follicular cells and plasma exudates, and assists in the
growth and development of the follicular cells and the oocyte (Edwards, 1974).
Steroid Hormones
Steroid hormones within the follicular fluid and their effect on oocyte competence
are the most extensively studied. Estradiol stimulates the proliferation (Goldenberg et al.,
1972) and prevents atresia (Louvet and Vaitukaitis, 1976) of granulosa cells in rat
follicles. The increase in numbers of granulosa cells also increases the number of FSH
binding sites which increases the number of gap junctions, which are important for
intercellular communication between granulosa cells (Burghardt and Matheson, 1982).
The involvement of progesterone in oocyte maturation is much less clear; however, when
synthesis of progesterone by cumulus granulosa cells was inhibited in vitro, expansion of
the cumulus cells and development to the blastocyst stage was impaired (Aparicio et al.,
2011). Further, addition of an antibody to membrane progesterone receptor α during in
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vitro maturation reduced the percentage of oocytes reaching the 5- to 8-cell stage
(Aparicio et al., 2011).
The addition of steroid hormones into in vitro maturation media has yielded
variable results. The addition of estradiol to maturation media increased the proportion of
ovine oocytes developing into blastocysts compared to control media (Moor and
Trounson, 1977; Guler et al., 2000). Two studies conducted using bovine oocytes
reported a decrease in the proportion of oocytes reaching the metaphase II stage, and an
increase in nuclear aberrations (Beker et al., 2002; Beker-van Woudenberg et al., 2004),
and either a detrimental (Beker et al., 2002) or no effect (Beker-van Woudenberg et al.,
2004) on blastocyst rate when maturation media was supplemented with estradiol. A
greater proportion of canine oocytes matured in media supplemented with estradiol,
progesterone, or estradiol and progesterone developed to metaphase II (Kim et al., 2005),
and a greater proportion of simian metaphase II oocytes matured in media supplemented
with estradiol, progesterone, or estradiol and progesterone developed into blastocysts
(Zheng et al., 2003). Bovine oocytes matured in media supplemented with progesterone
decreased the number of oocytes that developed to the blastocyst stage (Silva and Knight,
2000). Placing oocytes into microenvironments not tailored to its stage of development
may be a reason for the differences observed in development after in vitro maturation, as
the concentration of steroid hormones in follicular fluid is dynamic and changes as
follicular growth and development progresses.
Martin et al. (1991) reported the concentration of estradiol to be greater in
dominant follicles collected on d 6 compared to d 3 of the estrous cycle in beef heifers.
The concentration of progesterone was greatest in dominant follicles collected on d 9,
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least in dominant follicles collected on d 3, and intermediate in dominant follicles
collected on d 6 of the estrous cycle in beef heifers. A similar study examined the
concentration of steroid hormones in follicular fluid from dominant follicles from dairy
cows collected on d 5, 8, and 12 of the estrous cycle (Badinga et al., 1992). The
concentrations of estradiol and androstenedione were greatest on d 5 and progressively
decreased, whereas no difference was observed in the concentration of progesterone
(Badinga et al., 1992). Results from a study conducted by Bodensteiner et al. (1996)
using follicles from dairy heifers were similar. The concentration of estradiol was similar
and increased in the largest follicles collected 2, 4, and 6 d after ovulation, compared to
the largest follicle collected 10 d after ovulation (Bodensteiner et al., 1996). Additionally,
the concentration of progesterone was least in follicles collected on d 2, greatest in
follicles collected on d 10, and intermediate in follicles collected on d 4 and 6
(Bodensteiner et al., 1996).
Growth Factors
Growth factors affect the proliferation and function of cells and have been
discovered in follicular fluid of ovarian follicles. The most extensively studied growth
factors in follicular fluid include insulin-like growth factor-I (IGF-I), and epidermal
growth factor (EGF). Epidermal growth factor increased the proportion of murine oocytes
that underwent germinal vesicle breakdown (Downs et al., 1989). Supplementation of
maturation media with IGF-I increased the proportion of bovine cumulus cell-enclosed
and denuded oocytes reaching metaphase II (Lorenzo et al., 1994). Similar results were
obtained when maturation media was supplemented with EGF, and these effects were
further amplified when maturation media was supplemented with both EGF and IGF-I
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(Lorenzo et al., 1994). Porcine preantral follicles cultured in serum free medium with
EGF, IGF-I, or EGF and IGF-I exhibited a low degree of granulosa cell proliferation on d
4 and 8 of culture (Mao et al., 2004). Addition of EGF or IGF-I decreased the incidence
of apoptosis compared to medium not containing growth factors; however, the proportion
of apoptotic granulosa cells was greatest in follicles cultured in medium containing both
EGF and IGF-I (Mao et al., 2004). Preantral follicles that were cultured in serumcontaining medium supplemented with IGF-I exhibited the greatest degree of granulosa
cell proliferation, whereas treatment with EGF, IGF-I, or EGF and IGF-I decreased the
proportion of apoptotic granulosa cells (Mao et al., 2004). The addition of IGF-I to
maturation media prevented apoptosis of granulosa cells in bovine cumulus oocyte
complexes (Wasielak and Bogacki, 2007). Further, the addition of IGF-I to in vitro
culture media stimulated proliferation of cumulus and mural granulosa cells from bovine
follicles as determined by incorporation of 3H-thymidine (Armstrong et al., 1996).
Makarevich and Markkula (2002) reported no increase in the proportion of bovine
oocytes developing to the morula/blastocyst stage when maturation media was
supplemented with IGF-I. These results are in disagreement with Shabankareh et al.
(2010) who reported an increase in the proportion of ovine oocytes that cleaved, and
developed to the morula and blastocyst stages when maturation media was supplemented
with IGF-I compared to oocytes matured in control media. The addition of EGF to
maturation media also increased the proportion of oocytes that cleaved and developed to
the morula and blastocyst stages (Shabankareh et al., 2010). Additionally,
supplementation of the maturation media with both EGF and IGF-I increased the
proportion of oocytes that cleaved and developed to the morula and blastocyst stages
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versus EGF or IGF-I alone (Shabankareh et al., 2010). Maturation media supplemented
with EGF increased the proportion of bovine oocytes that cleaved and developed to the
blastocyst stage (Harper and Brackett, 1993; Lonergan et al., 1996). The addition of IGFI to in vitro maturation media did not affect the proportion of bovine oocytes that
developed to the morula and blastocyst stages; however, supplementation of maturation
and culture media with IGF-I increased the proportion of bovine oocytes developing to
the morula and blastocyst stages (Herrler et al., 1992).
Culture media supplemented with estrus-cow serum containing approximately 35
ng/mL of IGF-I resulted in an increase in the proportion of presumptive zygotes that
developed to the blastocyst stage (Palma et al., 1997). Additionally, further
supplementation with 50 and 100 ng/mL of IGF-I resulted in a greater blastocyst rate on
d 9, and supplementation with 100 ng/mL increased the proportion of hatched blastocysts
on d 13 (Palma et al., 1997). Interestingly, the addition of 100 ng/mL of IGF-I without
estrus-cow serum decreased the proportion of presumptive zygotes reaching the morula,
blastocyst, and hatched blastocyst stages (Palma et al., 1997). Block et al. (2008) reported
no differences in cleavage rate at d 3 or blastocyst rate at d 7 when culture media was
supplemented with 100 ng/mL of IGF-I. Further, the addition of IGF-I to culture media
had no effect on the percentage of apoptotic blastomeres, total cell number, number of
trophectoderm cells, or the ration of trophectoderm cells to inner cell mass cells, although
there was a tendency for the number of inner cell mass cells to be decreased in embryos
cultured in the media supplemented with IGF-I (Block et al., 2008). Supplementation of
IGF-I to culture media has also been reported to enhance blastocyst development in vitro.
There was no difference in the number of presumptive zygotes reaching the 4-cell stage
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when culture media was supplemented with 0, 2, 10, or 50 ng/mL of IGF-I; however,
when compared to controls, a greater number of 4-cell embryos developed into
blastocysts when cultured in media supplemented with 10 or 50 ng/mL of IGF-I
(Sirisathien et al., 2003). The proportion of presumptive zygotes reaching the 4-cell stage
was similar for all concentrations of EGF added to culture media; however, when
compared to controls and the greatest concentration of supplementation (25 ng/mL),
addition of EGF to culture media at a concentration of 5 ng/mL increased the proportion
of 4-cell embryos developing to the blastocyst stage (Sirisathien et al., 2003). Epidermal
growth factor added to culture media at the early blastocyst stages increased the
proportion of embryos reaching the blastocyst stage compared to media that was not
supplemented with growth factors (Lee and Fukui, 1995). Additionally, supplementation
of culture media with EGF at the 2-cell stage increased the total cell numbers of
blastocysts compared to media that was not supplemented with growth factors (Lee and
Fukui, 1995).
Fibroblast growth factor (FGF) is an angiogenic factor and modulates
steroidogenesis in granulosa cells (LaPolt et al., 1990). Follicles with greater
concentrations of estradiol also exhibited greater immunolocalization of FGF in
endothelial cells of the theca interna, suggesting a role of FGF in vascularization and
thus, selection of the dominant follicle (Berisha et al., 2000). Culture of caprine ovarian
cortex for 7 d in the presence of FGF increased the percentage of normal follicles,
decreased the proportion of primordial follicles and increased the number of primary
follicles (Chavez et al., 2010). Similarly, the incorporation of 3H-thymidine by granulosa
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cells and diameter of the follicle was increased in preantral bovine follicles cultured in
the presence of FGF (Wandji et al., 1995).
Cleavage rates of bovine cumulus oocyte complexes matured in vitro were
unaffected by the addition of FGF to maturation media; however, the percentage of 8 to
16 cell embryos on d 3 and blastocysts on d 7 were increased compared to oocytes
cultured in non-supplemented media (Zhang et al., 2010). Further, disrupting FGF
receptor signaling during in vitro maturation reduced the percentage of ≥ 8-cell embryos
on d 3 and blastocysts on d 7 of in vitro culture (Zhang and Ealy, 2012).
Culture of presumptive zygotes in media supplemented with FGF increased the
percentage of blastocysts and hatched blastocysts that developed compared to nonsupplemented media (Neira et al., 2010). The addition of FGF to culture media at the
morula stage increased the proportion of embryos that developed to the blastocyst stage
compared to media that was not supplemented with growth factors (Lee and Fukui,
1995). Additionally, addition of FGF or EGF and FGF to culture media at the 2-cell stage
increased the proportion of embryos that developed to the blastocyst stage and increased
the total cell numbers of blastocysts compared to media that was not supplemented with
growth factors (Lee and Fukui, 1995). Additionally, disrupting FGF receptor signaling
during in vitro fertilization decreased the percentage of oocytes that developed to the
blastocyst stage, and blastocysts tended to have fewer blastomeres when treated with the
FGF receptor kinase inhibitor on d 8 compared to oocytes and embryos that were not
exposed to the kinase inhibitor (Fields et al., 2011).
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Oocyte Secreted Growth Factors
The oocyte secretes growth factors that direct the differentiation and function of
cumulus cells which are responsible for nurturing the oocyte (Gilchrist et al., 2008). The
two oocyte-secreted factors receiving the most attention are growth differentiation factor9 (GDF-9) and bone morphogenetic protein-15 (BMP-15). Their mechanisms of action
are poorly understood; however, mice deficient in GDF-9 (Dong et al., 1996) and ewes
deficient in BMP-15 (Galloway et al., 2000) are infertile, their follicular development
incapable of progressing past the primary stage. Bone morphogenetic protein-15 and
GDF-9 have been shown to stimulate the proliferation of rat granulosa cells in vitro
(Otsuka et al., 2000; Vitt et al., 2000). These oocyte secreted factors may also play a role
in the differentiation of granulosa cells as granulosa cells from murine cumulus oocyte
complexes had an elevated expression of LH receptor mRNA, characteristic of mural
granulosa cells, after removal of the oocyte (Eppig et al., 1997). Further, the elevated
expression of LH receptor mRNA was prevented when cumulus cells were cultured with
oocytes (Eppig et al., 1997).
The concentration of GDF-9 was greater in follicular fluid that contained oocytes
that developed to metaphase II compared to oocytes that did not complete meiotic
maturation (Gode et al., 2011). Additionally, embryos derived from oocytes from
follicles that contained a greater concentration of GDF-9 were of a greater quality (Gode
et al., 2011). A greater proportion of oocytes from human follicles containing a greater
concentration of BMP-15 became fertilized and subsequently cleaved compared to
oocytes from follicles containing a lesser concentration of BMP-15 (Wu et al., 2007).
Additionally, the quality of embryos was better when follicular fluid contained a greater
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concentration of BMP-15 (Wu et al., 2007). The addition of a pro-mature form of BMP15 to in vitro maturation media increased the proportion of bovine oocytes developing to
the blastocyst stage whereas the addition of GDF-9 and FSH did not improve blastocyst
formation over oocytes matured in control media (Sudiman et al., 2014). However, the
addition of BMP-15, GDF-9, or BMP-15 and GDF-9 to maturation media increased the
proportion of bovine oocytes that reached the blastocyst stage compared to oocytes
cultured in control media (Hussein et al., 2006).
Blood Perfusion of the Dominant Follicle
Vascularization of tissue is essential for growth and development. Power Doppler
ultrasonography is a sensitive method for detecting the perfusion of blood in smaller
vessels. The power-flow option estimates the strength of the Doppler signal which is
depicted by color pixels ranging from dark red to yellow, denoting the least and most
intensity, respectively (Ginther, 2007).
In Rhesus monkeys, all antral follicles contained a similar number of binding sites
for gonadotropins; however, the microvasculature within the thecal layer of the dominant
follicle was greater compared to the other healthy antral follicles. After infusion of
[125I]hCG, the dominant follicle was more heavily labeled compared to the other healthy
antral follicles (Zeleznik et al., 1981), suggesting that preferential blood supply
determines selection of the dominant follicle. An increase in blood flow to the future
dominant follicle has also been confirmed in horses (Acosta et al., 2004) and dairy cows
(Acosta et al., 2005). Further, atretic follicles obtained from ovine ovaries cultured in
vitro regenerated and their ultrastructure closely resembled that of non-atretic follicles of
comparable size (Hay et al., 1979). These results suggest that atresia occurs as a result of
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a reduction in blood supply, limiting access to nutrients, growth factors, and other
necessary molecules. It is therefore plausible that the follicular microenvironment is more
suitable in dominant follicles with a greater degree of vascularity, and thus, more access
to molecules necessary for growth and development.
Follicles with a greater degree of vascularity yielded oocytes that were more
likely to become fertilized after in vitro fertilization in humans (Chui et al., 1997; Bhal et
al., 1999), cleave and develop to greater than an 8-cell embryo in dairy heifers (Siddiqui
et al., 2009a), and result in a pregnancy in humans (Bhal et al., 1999), beef heifers
(Siddiqui et al., 2009b), and mares (Silva et al., 2006).
Synchronization of Estrus
Overview of Estrus Synchronization
Estrus synchronization protocols were developed in order to manipulate the
estrous cycle in such a way that a highly fertile estrus is induced in the majority of treated
females allowing them to be inseminated at a pre-determined time, facilitating the use of
AI (Trimberger and Hansel, 1955). Within the beef sector, estrus synchronization
protocols initiated at the beginning of the breeding season not only results in 3
opportunities for a female to be inseminated during a 45-day breeding season, but also an
opportunity to be inseminated earlier in the breeding season. A female that calves earlier
weans a heavier calf (Lesmeister et al., 1973). A more condensed calving season provides
a longer postpartum interval to recuperate before rebreeding, and increases uniformity of
the calf crop. Rodgers et al. (2012) also reported that the use of estrus synchronization
with AI is economically advantageous due to the increase in the genetic progress of a
herd via the use of semen from genetically superior animals, the reduction in the number
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of clean-up bulls required on-site, and a reduction in labor costs due to the shortened
breeding and calving seasons. These protocols require the administration of exogenous
reproductive hormones such as progestins, PGF2α, and GnRH and were developed in 6
phases (Patterson et al., 2003).
Hormone Administration for the Synchronization of Estrus
Prolonged daily injections of progesterone were reported to extend the luteal
phase in mice (Selye et al., 1936; Phillips, 1937), rabbits (Makepeace et al., 1936), sheep
(Dutt and Casida, 1948), cattle (Christian and Casida, 1948; Willett, 1950) and pigs
(Ulberg et al., 1951). These experiments provided evidence that the treatment of females
with progestins could effectively synchronize the estrous cycle.
Orally active progestins developed for synchronization of estrus are fed for a
minimum of 14 d and, although effective at synchronizing estrus, conception rates were
10 to 15% lesser in progestin-treated beef and dairy females versus untreated females
(Hansel et al., 1966; Smith and Zimbleman, 1968). This is also true when using a
controlled internal drug release (CIDR) device. MacMillan and Peterson (1993)
conducted an experiment using 3 treatments: administration of a CIDR for 7 d followed
by an injection of PGF2α at device removal, administration of a CIDR device for 14 d
with no luteolytic treatment at device removal, and administration of a CIDR for 21 d
with no luteolytic treatment at device removal and when observed in estrus, were
inseminated 48, 72, or 96 h after device removal. The calving rates were 57.7%, 44.4%,
and 39.7%, respectively for the 3 treatments (Macmillan and Peterson, 1993). Reduced
peripheral concentrations of progesterone do not fully suppress the release of LH which
causes an extension of the lifespan of the dominant follicle, thereby forming a persistent
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follicle (Savio et al., 1993). The lack of follicle turnover (Savio et al., 1993), and
therefore the ovulation of an oocyte at a more mature stage of development (Mattheij et
al., 1994; Mihm et al., 1999) may be the cause of reduced fertility after long-term
progestin treatment, as fertility at the subsequent insemination was not reduced (Savio et
al., 1993).
In order to effectively use progesterone in synchronization protocols that
inseminate at first estrus after completion of the protocol, the duration of exposure must
be shortened to increase fertility of the induced ovulation. However, as short-term
exposure does not effectively control the lifespan of the CL in all females subjected to
treatment, a lytic agent must be incorporated into the protocol (Roche, 1974a).
Prostaglandin F2α, can induce premature regression of the CL between d 5 and 16
(Tervit et al., 1973). When used as a method to synchronize estrus, a single injection of
PGF2α or an analogue induced estrus behavior in less than 50% of the treated beef and
dairy females within 3 d (Tervit et al, 1973; Lauderdale et al., 1974). However, when
animals were inseminated at a fixed time of 72 and 90 h after PGF2α, pregnancy rates
were not significantly different from treated animals inseminated at natural estrus
(Lauderdale et al., 1974). Lauderdale et al. (1974) postulated that one cause for the lack
of estrus response may be because animals were at unknown stages of their cycle and
may have therefore been treated prior to CL formation.
Two injections of PGF2α can be administered 10 to 14 d apart in order to
maximize the response in treated animals, especially in those females that are treated
prior to d 5 of the estrous cycle and are incapable of responding (Lauderdale, 1975).
Peters et al. (1977) reported no increased incidence of estrus in beef females treated with
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2 injections of PGF2α compared to females treated once. Conception rates were not
different between cows treated twice with PGF2α and untreated cows inseminated 12 h
after detection of estrus; however, the synchrony of estrus still varied with only 73% of
treated females observed in estrus 2 to 5 d after the second injection of PGF2α
(Lauderdale, 1975), which is not a tight enough synchrony to facilitate fixed-time AI
(FTAI; Stevenson, 1987).
Short-term progesterone treatments with the inclusion of PGF2α as the lytic agent
were also studied as a means of synchronizing estrus without compromising fertility.
Pregnancy rates in beef heifers were not different among untreated cows, cows receiving
2 injections of PGF2α 11 d apart, and cows receiving an intravaginal progesterone source
for 7 d followed by an injection of PGF2α (Roche, 1976). When beef animals were
categorized as being early (< 14 d) or late (14 to 20 d) in their estrous cycle prior to the
start of synchronization, there was a significant difference in pregnancy rates, with 66
and 36% of females in early and late groups conceiving to synchronized insemination,
respectively (Beal et al., 1988). It was hypothesized that the estrous cycle was lengthened
in females treated during late estrous, similar to what occurs during the long-term
progestin treatments protocols, and may be the reason for the reduction in fertility (Beal
et al., 1988).
Gonadotropin-releasing hormone was added to PGF2α protocols as a means of
inducing ovulation after a reduction in the concentration of progesterone (Mauer and
Rippel, 1972). Initiating the protocol with an injection of GnRH reduced the number of
beef cows exhibiting estrus between d 0 (initiation of protocol) and 6 (d of PGF2α
injection) compared to untreated cows (Twagiramungu et al., 1992). Additionally,
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GnRH-treated cows exhibited a more precise estrus after the injection of PGF2α with 83%
observed in estrus between d 6 and 10 (Twagiramungu et al., 1992).
Protocols involving a second injection of GnRH were investigated as a means of
facilitating FTAI in beef (Twagiramungu et al., 1995) and dairy (Pursley et al., 1995)
animals. The regimen used by Twagiramungu et al. (1995) consisted of an initial
injection of GnRH, followed in 6 d by an injection of PGF2α, and insemination concurrent
with a second injection of GnRH 54 h later. Pregnancy rates to FTAI were not different
between the synchronized beef animals and animals inseminated artificially 12 h after the
onset of estrus (Twagiramungu et al., 1995). Similar observations were also reported by
Pursley et al. (1995). Daily ultrasonography of the ovaries confirmed a high response rate
in dairy cows to the first injection of GnRH, resulting in ovulation and the formation of a
new follicular wave, as well as regression of the CL following the injection of PGF2α
(Pursley et al., 1995). However, only 13/24 heifers ovulated in response to the first
injection of GnRH, and 18/24 regressed their CL after the injection of PGF2α (Pursley et
al., 1995). Ovulation occurred 24 to 32 h after the second injection of GnRH in all cows
and in 18/24 heifers in which the CL regressed. These results suggest this protocol may
not be as effective in dairy heifers (Pursley et al., 1995).
Treatment regimens that implement progesterone, GnRH, and PGF2α were
developed in order to control the lifespan of the CL and the synchronous development of
follicles, prevent premature ovulation, and induce cyclicity in anestrous beef cows to
facilitate FTAI (Stevenson et al., 2000). Ultrasonographic examination of ovaries
revealed a response rate of 75 and 33% to an injection of GnRH in non-cycling and
cycling beef cows respectively (Thompson et al., 1999). Although the number of cycling
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females ovulating to the initial injection of GnRH was decreased, 83.3% possessed a CL
at the time of administration of PGF2α which was not different from the non-cycling beef
cows that possessed a CL (Thompson et al., 1999). Pregnancy rates in beef females that
were anestrous prior to synchronization were greater than non-cycling females that were
not synchronized (Stevenson et al., 1997; Thompson et al., 1999; Stevenson et al., 2000).
Ninety one percent of all beef cows treated with GnRH, progesterone, and PGF2α
regressed their CL and 85.7% ovulated in response to a second injection of GnRH
administered 48 h after the injection of PGF2α (Thompson et al., 1999). Pregnancy rates
to the synchronized insemination are variable and although there was a report of
decreased fertility in beef cows after FTAI (Stevenson et al., 2000), most studies have
reported pregnancy rates greater than (Thompson et al., 1999), or equal to (Stevenson et
al., 1997; Martinez et al., 2000; Xu and Burton, 2000) cows inseminated 12 to 16 h after
the onset of estrus, which indicates a high degree of efficacy.
The Effect of Gonadotropin-releasing Hormone on Follicle Turnover
The dominant follicle of beef (Martinez et al., 1999) and dairy (Sartori et al.,
2001) females acquire the capacity to ovulate in response to exogenous GnRH or LH at a
diameter of 9 to 10 mm or approximately d 5 of the estrous cycle (d 0 = d of ovulation;
Sartori et al., 2001) for the dominant follicle of the first wave or d 12 to 13, and d 18 (in
3-wave animals) for the dominant follicle of the second and/or ovulatory wave in
Holstein heifers (Ginther et al., 1989). Timed-AI protocols in dairy females initiated
before ovulatory capacity has been acquired (d 1 to 4) or during proestrus (d 17 to 21)
will result in the ovulation of the dominant follicle of the first wave at insemination
(Vasconcelos et al., 1999; Moreira et al., 2000; Bisinotto et al., 2010). Conversely,
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administration of the first injection of GnRH during development of the first follicular
wave (d 5 to 9) will induce the emergence of the second follicular wave, which will
provide the ovulatory follicle at insemination in beef animals (Martinez et al., 1999) and
dairy animals (Vasconcelos et al., 1999; Moreira et al., 2000; Bisinotto et al., 2010).
Fertility of the Dominant Follicles of the First and Second Waves
The first follicular wave develops during a low, yet increasing concentration of
progesterone, as the CL is developing, whereas the second and/or third follicular waves
develop under a high concentration of progesterone due to the presence of a fully formed
CL. Increasing the concentration of progesterone during an estrus synchronization
protocol via administration of an exogenous progesterone decreased peripheral
concentrations of estradiol in beef females (Wehrman et al., 1993) and increased
pregnancy rates in beef (Wehrman et al., 1993) and dairy (Denicol et al., 2012) females.
Additionally, dairy cows with a low circulating concentration of progesterone during the
development of the ovulatory follicle acquired estrogen receptor-α prematurely which
hastened the release of PGF2α and tended to increase the incidence of shortened luteal
phases compared to their counterparts with high progesterone (Cerri et al., 2011).
Pregnancy rates were decreased in dairy cows artificially inseminated to the
dominant follicle of the first wave versus the dominant follicle of the second wave (30.4
vs. 41.7%, respectively; Bisinotto et al., 2010). These findings are consistent with the
findings of Denicol et al. (2012) who reported pregnancy rates of 28.6 and 37.2% in dairy
cows inseminated to the dominant follicle of the first and second wave, respectively.
Additionally, dairy females synchronized to be inseminated to the dominant follicle of
the first wave receiving supplemental progesterone had pregnancy rates similar to
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females inseminated to the dominant follicle of the second wave (35.6 vs. 37.2%,
respectively; Denicol et al., 2012). Embryo quality was also different when the oocyte
from the dominant follicle of the first or second wave was fertilized. Dairy cows enrolled
in a superstimulation protocol beginning during the second follicular wave yielded a
greater number of transferable embryos and fewer degenerated embryos than females
beginning their superstimulation protocol during development of the first follicular wave
(Rivera et al., 2011). However, dairy cows that were superstimulated during the first
follicular wave supplemented with exogenous progesterone yielded a similar number of
transferable and degenerated embryos as females that were superstimulated during the
second wave (Rivera et al., 2011).
Endometrial Thickness
Throughout the menstrual and estrous cycles, the uterus undergoes tremendous
changes, most notably the proliferation and differentiation of the uterine endometrium
and secretory activity of the endometrial glands in preparation for the nourishment of an
embryo. Practitioners of human assisted reproduction commonly evaluate endometrial
thickness during routine examinations and have found a positive correlation (Fleischer et
al., 1986; Gonen et al., 1989, Oliveira et al., 1993; Rinaldi et al., 1996; Kovacs et al.,
2003; McWilliams and Frattarelli, 2007; Al-Ghamdi et al., 2008), or no correlation
(Sterzik et al., 1989; Dickey et al., 1992; Khalifa et al., 1992; Zaidi et al., 1995; Yuval et
al., 1999; Bassil, 2001; Rashidi et al., 2005) between endometrial thickness and
pregnancy rates. The variability in results may, in part, be explained by the varying
stimulation regimens, d of ultrasound, and their delineation of thin and thick endometrial
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measurements. However, Oliveira et al. (1997) reported a marked decrease in pregnancy
rates in women with endometrial thicknesses < 7 mm.
In Holstein heifers, after ovulation (d 0), endometrial thickness declines until d 3
and does not significantly increase until d 17, with maximal thickness occurring the d
before ovulation (Pierson and Ginther, 1987b). Similarly, in synchronized dairy cows,
peak endometrial thickness was observed between 24 and 72 h after administration of
PGF2α, which then began to decrease after the second injection of GnRH during a
synchronization protocol (Souza et al., 2011). Additionally, size of the ovulatory follicle,
concentration of estradiol, uterine tone, percentage of females expressing estrus,
percentage of females ovulating following the second injection of GnRH, and pregnancy
rates were all greater in dairy cows with an endometrial thickness of > 8 mm compared to
those animals with thicknesses of ≤ 8 mm (Souza et al., 2011). The thickness of the
endometrium in age-matched females was also greater between d 0 and 6 of the estrous
cycle in beef and dairy females with high versus low AFC (Jimenez-Krassel et al., 2009).
Implications
Pregnancy rates in dairy cows inseminated after induced ovulation of the
dominant follicle of the second follicular wave were greater than cows inseminated after
induced ovulation of the dominant follicle of the first follicular wave (Bisinotto et al.,
2010; Denicol et al., 2012). Additionally, embryos recovered from dairy cows
superstimulated during the second follicular wave were of greater quality than embryos
derived from superstimulation protocols during the first follicular wave (Rivera et al.,
2011). The dominant follicles of the first and second wave develop under different
predominating steroid hormones which may not only affect the microenvironment in
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which the enclosed oocyte is developing but may also affect the development of the
uterine environment; however, there is a paucity of information in this area. Follicular
fluid collected from dominant follicles of the first wave contained greater concentrations
of estradiol compared to follicular fluid from dominant follicles of the second wave
(Aller et al., 2013); however, the follicular microenvironment is dynamic (Martin et al.,
1991; Badinga et al., 1992; Bodensteiner et al., 1996) and daily changes have not been
compared between dominant follicles of the first and second waves. Studies that examine
these changes within the microenvironment will increase knowledge of the acquisition of
oocyte competence in vivo which may increase the success of in vitro maturation. Lesser
concentrations of progesterone during the development of the ovulatory follicle resulted
in premature acquisition of endometrial estrogen receptor-α which hastened the release of
PGF2α and tended to increase the incidence of shortened luteal phases compared to their
counterparts with greater peripheral concentrations of progesterone (Cerri et al., 2011).
Studies that examine the relationship between circulating concentrations of progesterone
during development of the ovulatory follicle and endometrial gene expression, histotroph
properties, and conceptus length and gene expression may further elucidate the role of
steroid hormones on development of the maternal environment and viability of the
conceptus. Ultimately, these studies may result in changes to estrus synchronization
protocols or development of therapeutic treatments that can increase pregnancy success
in livestock species using current synchronization protocols.
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CHAPTER II
CHARACTERISTICS OF DOMINANT FOLLICLES AMONG FOLLICULAR
WAVES IN BEEF COWS
Abstract
The primary objective of this study was to characterize intra-follicular
concentrations of estradiol and progesterone in dominant follicles of each wave in
females exhibiting 2 or 3 waves of follicular development. Additionally, we examined the
effect of antral follicle count (AFC) on intra-follicular concentrations of steroids and
blood perfusion of the follicular wall of non-ovulatory follicles. Follicular fluid from 44
dominant follicles was aspirated on the fourth d of dominance and blood perfusion was
monitored over 4 d of dominance in 12 dominant follicles from non-ovulatory waves.
Data were analyzed using the MIXED procedure of SAS. Actual mean and SE are
reported for follicular concentrations of steroids and LSMeans and SE are reported for
percent perfusion and final diameter of the dominant follicle. Concentrations of
progesterone were not different; however, concentrations of estradiol were greater in
ovulatory versus non-ovulatory follicles from females exhibiting 2 (P = 0.008) and 3 (P =
0.0001) waves. The ratios of estradiol to progesterone (E:P) tended (P = 0.09) to be
greater in ovulatory versus non-ovulatory follicles from females exhibiting 2 waves, and
was greater (P = 0.002) in ovulatory versus non-ovulatory follicles from females
exhibiting 3 waves. There was no difference in the concentrations of estradiol or
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progesterone, or E:P between the dominant follicles from non-ovulatory waves and
ovulatory waves in females exhibiting 2 and 3 waves. Cows classified as moderate AFC
(MAFC) had similar concentrations of estradiol and progesterone, and E:P as cows
classified as low AFC (LAFC). Average blood perfusion tended (P = 0.06) to be lesser in
dominant follicles from the first wave in females exhibiting 2 and 3 waves versus
dominant follicles from the second wave in females exhibiting 3 waves. In conclusion,
ovulatory follicles contained greater concentrations of estradiol than non-ovulatory
follicles after 4 d of dominance; however, non-ovulatory follicles and ovulatory follicles
did not differ in concentrations of steroid hormones.
Introduction
During an estrus synchronization and timed artificial insemination (TAI) protocol
in cattle, ovulation of the dominant follicle of any wave is possible depending on what d
of the estrous cycle the protocol is initiated (Martinez et al., 1999; Vasconcelos et al.,
1999; Moreira et al., 2000; Sartori et al., 2001). The first follicular wave emerges around
the time of ovulation when the circulating concentration of progesterone is low but
increasing, whereas the second follicular wave emerges during diestrus when the
circulating concentration of progesterone is greatest. The differences in circulating
concentrations of steroids may reflect a difference in the follicular microenvironment in
which the oocyte develops. An altered follicular microenvironment may explain the
differences in pregnancy rates observed in lactating dairy cows induced to ovulate the
first or second follicular wave (Bisinotto et al., 2010; Denicol et al., 2012).
Antral follicle count (AFC) is also related to pregnancy success. Human females
with a greater AFC were more likely to become pregnant than their low AFC
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counterparts (Chang et al., 1996; Rosen et al., 2011). Similarly, dairy cows classified as
having a low AFC have a lower overall pregnancy rate compared to females classified as
intermediate or high AFC (Mossa et al., 2012).
Vascularization of tissue is essential for its growth and development. Vascularity
tended to be positively correlated with the ratio of estradiol to progesterone (E:P) within
follicular fluid from beef heifers (Grazul-Bilska et al., 2007). Additionally, in women,
follicles with greater vascular perfusion housed oocytes that were more likely to become
fertilized (Bhal et al., 1999) and, in Holstein heifers, to develop to a greater than 8-cell
stage embryo (Siddiqui et al., 2009a) after in vitro fertilization. Pregnancy rates are also
increased in mares (Silva et al., 2006) and beef heifers (Siddiqui et al., 2009b) upon
ovulation of a follicle with greater blood flow.
We hypothesized that 1) dominant follicles that emerged and developed during
diestrus would have an increased concentration of estradiol and a greater E:P than
dominant follicles that emerged and developed during periods of lesser concentrations of
progesterone; 2) the concentrations of steroid hormones in follicular fluid from dominant
follicles in cows classified as low or moderate AFC would differ; and 3) perfusion of the
follicular wall would be greater in dominant follicles from the second non-ovulatory
wave than perfusion from the first non-ovulatory wave. The primary objective of this
study was to characterize intra-follicular concentrations of estradiol and progesterone in
dominant follicles of each wave in females exhibiting 2 or 3 waves of follicular
development. Additionally, we examined the effect of AFC on intra-follicular
concentrations of steroids, and examined blood perfusion of the follicular wall of nonovulatory follicles.
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Materials and Methods
All procedures in this study were approved by the Institutional Animal Care and
Use Committee of Mississippi State University.
Animals, Housing, and Feeding
A total of 46 Bos taurus females at the H. H. Leveck Animal Research CenterBeef Unit (Mississippi State, MS) were assigned to the experiment. Twenty animals were
removed from the experiment due to shortened estrous cycles (4), the presence of a cystic
CL (4), the presence of a persistent follicle (5), temperament (2), and health (5). The
remaining 26 cows were an average of 7 yr old (range of 3 to 12), calved 4.5 times (range
of 1 to 9), and had an average body condition score of 5 (range of 4 to 6). Cows were also
either lactating (9) and averaged 60 d since calving (range of 23 to 79) or not lactating
(17) and averaged 407 d since last calving (range of 301 to 667). A total of 54 follicular
waves were observed from these females (1 to 3 observations/cow); however, follicular
fluid was only obtained from 44 dominant follicles. Lactating cows and their calves were
housed separately from the non-lactating cows in similar pastures consisting of Dallis,
Bermuda, Johnson, and Fescue grasses. Cows also had ad libitum access to a protein
supplement (Sup-R-Lix, 32% CP, Purina Mills, Gray Summit, MO), mineral (Wind and
Rain All Season, Purina Mills), water, and hay (Dallis, Bermuda, Johnson, and Fescue
grasses).
Treatments
Cows were randomly assigned to have the dominant follicle of their first wave,
second wave, or third wave (if present) aspirated after 4 d of dominance following a
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spontaneous estrus. Cows were fitted with a heat detection aid (Estrotect Heat Detector,
Rockway Inc., Spring Valley, WI) and visual observation of estrus was performed once
daily between 1600 and 1700 h. Period 1 of collection began when the first cow was
observed in estrus. The estrus after aspiration denoted the beginning of the rest cycle.
During this rest cycle another heat detection aid was placed on the tailhead of the cow.
The observation of estrus behavior marked the beginning of period 2, and the same
protocol was used to determine the start of the second rest cycle and subsequent
beginning of period 3. Blood perfusion of the non-ovulatory dominant follicle was
monitored over the last 4 d of dominance in a subset (n = 12) of females. Blood perfusion
data was collected for the dominant follicles of the first wave in females exhibiting 2 and
3 waves (n = 7) and the dominant follicle of the second non-ovulatory wave in females
exhibiting 3 waves (n = 5).
Follicle Diameter
Ovaries were mapped daily via transrectal ultrasonography (10.0- to 5.0-MHz
linear-array transducer, MicroMaxx, Sonosite Inc., Bothell, WA) beginning d 1 in
animals assigned to the first wave and d 7 in animals assigned to the second and third (if
present) wave (d 0 = estrus; Fig. 2.1) until follicular aspiration. Two perpendicular
measurements of each follicle ≥ 2 mm were averaged to obtain follicle diameter. When
the diameter of the largest subordinate follicle ceased to grow, the largest follicle was
considered dominant. D 0 of follicular dominance was assigned to the d before cessation
of growth of the largest subordinate follicle.

57

Antral Follicle Count
Antral follicle count was recorded each day during the wave of interest from
emergence to aspiration. Antral follicle count was calculated similar to methods used by
Ireland et al. (2007); however, in the current study, antral follicles ≥ 2 mm were included
in the calculation. Females with AFC of ≤ 10, and > 10 were classified into low AFC
(LAFC), and moderate AFC (MAFC), respectively.
Blood Perfusion
Blood perfusion of the follicular wall was analyzed via the powerflow option of
the ultrasound machine. Two still images were obtained from each dominant follicle on
each d of dominance and analyzed for percent perfusion using ImageJ software (version
1.48, US National Institutes of Health, Bethesda, MD). The area of the follicular wall was
calculated by first obtaining the area of the follicle and subtracting the area of the antrum.
These areas were determined in ImageJ using the freehand drawing tool to outline the
follicle and antrum, the area of which was measured. Percent perfusion of the follicular
wall was calculated by dividing the total area of perfusion by the area of the follicular
wall and averaging the results from the 2 images.
Follicular Fluid
Females were restrained in a chute and head catch system and administered an
epidural (5 cc, Lidocaine, 2% lidocaine hydrochloride, VetOne, Boise, ID) between the
first and second intercoccygeal space. A portable ultrasound machine (Aloka SSD-500V,
Aloka, Wallingford, CT) with a 5 MHz microconvex transducer (UST-9111-5, Aloka)
was fitted within a transvaginal probe holder with needle guide. The dominant follicle
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was located and aspirated following puncture with a 60 cm long single lumen 17 gauge
needle (MOFA Global, Verona, WI) fitted to a 3 mL plastic syringe (AirTite, Fisher
Scientific, Pittsburgh, PA). Within 2 h of collection, follicular fluid was frozen at -20°C
until subsequent analysis. The concentrations of estradiol and progesterone in follicular
fluid were determined by immunoassay (Immulite 1000, Siemens, Malven, PA). The
follicular fluid was initially analyzed at a 10x dilution. Each sample continued to be
diluted after analysis of each run until the concentration fell within the detectable range.
Statistical Analyses
Concentrations of estradiol and progesterone, and E:P in follicular fluid were nonnormally distributed and were corrected using the Wilcoxon rank sum test. Actual means
and SE are reported. Percent blood perfusion of the follicular wall and final diameter of
dominant follicles were analyzed by the MIXED procedure of SAS (version 9.4, SAS
Inst. Inc., Cary, NC). The model contained cow, follicular wave, spatial relationship to
the CL (both on same ovary, ipsilateral (IPSI); or each on different ovary, contralateral
(CONT)), and category of AFC, with autoregressive order-1 as the covariate structure
when examined over days of follicular dominance. The relationship of follicular wave
was examined 3 different ways. First, the dominant non-ovulatory and ovulatory follicles
were compared in females with similar wave patterns. Second, the dominant nonovulatory follicles from females with 2 and 3 waves were compared. Lastly, the dominant
ovulatory follicles from females with 2 and 3 waves were compared. Means were
separated using the PDIFF option of the LSMEANS statement and least squares means
and SE are reported. Significance was declared at P ≤ 0.05. Tendencies are discussed
when P > 0.05 but ≤ 0.10.
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Results
Dominant follicles aspirated from non-ovulatory waves contained lesser
concentrations of estradiol than dominant follicles aspirated from ovulatory waves in
females exhibiting 2 waves (193.53 ± 93.93 ng/mL vs. 1,000.71 ± 214.92 ng/mL,
respectively; P = 0.008); however, intra-follicular concentrations of progesterone did not
differ (87.80 ± 40.94 ng/mL vs. 107.16 ± 29.74 ng/mL, respectively). The ratio of E:P
tended (P = 0.09) to be less in dominant follicles aspirated from non-ovulatory (3.64 ±
1.78) versus ovulatory (14.02 ± 3.53) waves in females exhibiting 2 waves. Dominant
follicles from ovulatory waves contained the greatest concentrations of estradiol
(1,429.39 ± 334.49 ng/mL; P = 0.0001) compared to dominant follicles from the first and
second non-ovulatory waves (68.42 ± 13.49 ng/mL and 92.59 ± 35.66 ng/mL,
respectively) which were similar in females exhibiting 3 waves. Intra-follicular
concentrations of progesterone did not differ between the dominant follicles of the first,
second, or third waves in females exhibiting 3 waves (242.70 ± 90.68 ng/mL, 55.88 ±
8.83 ng/mL, and 81.14 ng/mL, respectively). The ratio of E:P was also greatest (P =
0.002) in dominant ovulatory follicles (29.92 ± 9.02) versus non-ovulatory follicles (1.20
± 0.39 in first wave vs. 1.75 ± 0.66 in second wave, respectively), which did not differ
from each other, in females exhibiting 3 waves. Additionally, there was no difference in
intra-follicular concentrations of estradiol or progesterone, or E:P between the dominant
follicles of non-ovulatory waves from females exhibiting 2 and 3 waves and ovulatory
follicles from females exhibiting 2 and 3 waves (Table 2.1). The intra-follicular
concentrations of estradiol, and progesterone, as well as E:P from dominant follicles of
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cows classified as MAFC were similar to the concentrations from dominant follicles of
cows classified as LAFC (Table 2.2).
The d to attainment of follicular dominance, and concentrations of estradiol and
progesterone in dominant follicles of the first wave in females exhibiting 2 and 3 waves
were similar so the observations were combined to compare blood perfusion of the first
and second non-ovulatory waves. Blood perfusion of dominant follicles that developed
during the first wave in females exhibiting 2 and 3 waves did not differ from blood
perfusion of dominant follicles that developed during the second waves in females
exhibiting 3 waves over the 4 d of dominance. Blood perfusion of the dominant follicles
was also similar in regards to spatial relationship over the 4 d of dominance. When the
degree of blood perfusion from d 0 to 4 was averaged, dominant follicles of the second
non-ovulatory wave tended (P = 0.06) to exhibit a greater degree of perfusion (18.79 ±
2.17%) than dominant follicles of the first non-ovulatory wave in females exhibiting 2
and 3 waves (13.45 ± 1.97%) but there was no difference observed in average blood
perfusion in regards to spatial relationship (CONT, 14.94 ± 2.78% vs. IPSI, 17.30 ±
1.53%).
In females exhibiting 2 waves, there was no difference in final diameters of
dominant follicles that developed during the first or second wave (13.57 ± 0.62 vs. 12.88
± 0.40 mm, respectively). In females exhibiting 3 waves, final diameters of dominant
follicles collected from the first non-ovulatory wave and the ovulatory wave (12.93 ±
0.41, and 12.89 ± 0.41 mm, respectively) did not differ from each other, but were larger
than the final diameters of dominant follicles from the second non-ovulatory wave (11.28
± 0.50 mm; P = 0.03). In females exhibiting 3 waves, the final diameters of dominant
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follicles of the second wave were significantly smaller than the final diameters of
dominant follicles of the first wave in females exhibiting 2 and 3 waves (Table 2.1). The
final diameters of dominant ovulatory follicles between females exhibiting 2 and 3 waves
did not differ (Table 2.1). There was a significant interaction (P < 0.0001; Figure 2.2)
between follicular wave and spatial relationship on final diameters of dominant, nonovulatory follicles in the subset examined for blood perfusion, over each day of
dominance (P < 0.0001; Figure 2.2).
Discussion
Not surprisingly, in the current study, the ovulatory follicles contained a greater
concentration of estradiol, and a greater E:P than their non-ovulatory counterparts. The
health of the follicle and enclosed oocyte is often associated with the concentrations of
steroid hormones within follicular fluid. Estradiol promotes proliferation (Goldenberg et
al., 1972) and prevents apoptosis (Louvet and Vaitukaitis, 1976) of granulosa cells in rat
follicles; therefore a viable follicle is considered to be estrogen-active, containing a
greater concentration of estradiol compared to progesterone. At the onset of luteal
regression, the circulating concentration of progesterone decreases and the increase in
pulse frequency and amplitude of LH dramatically increases (Rahe et al., 1980; Walters
and Schallenberger, 1984). Similarly, the concentration of estradiol increases until the
surge of LH (Fortune and Hansel, 1985).
Contrary to our hypothesis, no difference was found between the concentrations
of estradiol or progesterone in follicular fluid from dominant follicles of the first wave in
females exhibiting 2 and 3 waves and second non-ovulatory wave in females exhibiting 3
waves. Aller et al. (2013) reported increased concentrations of estradiol and similar
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concentrations of progesterone in follicular fluid collected from newly dominant follicles
of the first and second wave. However, several studies examining follicular fluid from
dominant follicles of the first follicular wave have reported that the concentrations of
estradiol peak at approximately d 5 or 6 and subsequently decrease, whereas the
concentrations of progesterone increases as development progress (Martin et al., 1991,
Badinga et al., 1992, Bodensteiner et al., 1996). Dynamic changes in the follicular fluid
from dominant follicles of the second follicular wave have not been investigated. It is
possible that differences in concentrations of steroid hormones in follicular fluid from
dominant follicles of the second follicular wave exhibit a different pattern than dominant
follicles of the first follicular wave, which may not have been detected on the fourth d of
dominance that the current study examined. There may also be differences in the
concentration of other hormones and growth factors present that may impact the
developmental potential of the oocyte that were not examined in this study. A more
extensive analysis of follicular fluid from dominant follicles at each wave may provide
insight into other molecules that may play an important role in the attainment of oocyte
competence.
Further, in the current study, the concentrations of estradiol and progesterone and
E:P in the follicular fluid of dominant follicles were not different between females
classified as LAFC or MAFC. Ireland et al. (2009) reported an increase in the
concentrations of estradiol from the largest 3 follicles in females classified as low AFC
compared to females classified as high AFC. There was a larger difference in the number
of antral follicles separating the 2 categories of AFC in the study conducted by Ireland et
al. (2009; low AFC ≤ 15 follicles, high AFC ≥ 25 follicles) compared to the current
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study, which may have prevented differences from being detected. Nevertheless,
superovulated beef heifers classified as high AFC yielded a greater number of embryos
and number of transferable embryos than heifers classified as low AFC, and a greater
number of high-quality oocytes were recovered and developed to the blastocyst stage in
unstimulated heifers with a high AFC compared to their counterparts with a low AFC
(Ireland et al., 2007). The increased fertility of females classified as high AFC may be
because of a less-prolonged period of estrogen exposure which has been shown to cause
chromosomal aberrations in vitro (Beker-van Woudenberg et al., 2004); however,
subsequent studies will need to be conducted to test this hypothesis.
To our knowledge this is the first study that has been conducted to determine
whether any differences in vascularity exist between dominant follicles of the first and
second non-ovulatory waves in females exhibiting 2 and 3 waves. Over the 4 d of
follicular dominance examined, no difference in blood perfusion was observed; however,
when the degree of perfusion over the 4 d of dominance was averaged, the dominant
follicle of the second non-ovulatory wave in females exhibiting 3 waves tended to have a
greater degree of perfusion than the dominant follicle of the first non-ovulatory waves in
females exhibiting 2 and 3 waves. Follicles with a greater degree of vascularity yielded
oocytes that were more likely to become fertilized after in vitro fertilization in humans
(Chui et al., 1997; Bhal et al., 1999), cleave and develop to greater than an 8-cell embryo
in Holstein heifers (Siddiqui et al., 2009a), and result in a pregnancy in humans (Bhal et
al., 1999), beef heifers (Siddiqui et al., 2009b), and mares (Silva et al., 2006). Pregnancy
rates in humans were also greater when the embryo transferred was derived from an
oocyte from a follicle with high-grade vascularity (Coulam et al., 1999). Studies have
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also reported an increase in blood flow to a dominant follicle growing ipsilateral to a CL
(Ginther et al., 2014a; Ginther et al., 2014b) in Holstein heifers; however, there was no
difference in perfusion of a dominant follicle growing ipsilateral or contralateral to a CL
in the current study. This discrepancy may be due to a difference in the operation of the
ultrasound machine and in the type of follicle (non-ovulatory in the current study versus
periovulatory) and d examined.
In females that exhibited 2 waves of follicular development, there was no
difference in the final diameter of the dominant follicle from the first or second wave.
Similarly, the final diameter of the dominant follicles that developed during the first and
third wave in females exhibiting 3 waves did not differ; however, the dominant follicle of
the second wave was significantly smaller compared to dominant follicles from the first
wave in females exhibiting 2 and 3 waves and the ovulatory follicle in females exhibiting
3 waves. The dominant follicle of the first non-ovulatory wave emerges under low
circulating concentration of progesterone and the development of the ovulatory follicle
finishes under low circulating concentrations of progesterone which allow more frequent
pulses of LH stimulating follicular growth (Jaiswal, 2009). The second non-ovulatory
wave emerges under maximal concentrations of progesterone which inhibit pulses of LH
(Roberson et al., 1989), slowing the rate of growth of the dominant follicle from the
second wave (Adams et al., 1992). The differences observed among the diameter of the
dominant follicles at each follicular wave do not necessarily indicate a difference in their
developmental potential. Perry et al. (2005) reported no correlation between size of the
dominant follicle and pregnancy rates in beef cows that were inseminated to a
spontaneous ovulation.
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Synchronization of estrus may not have a direct effect on the oocyte but instead
may inhibit development of the uterus, indirectly impacting pregnancy rates. Further
studies with more animals will be beneficial to substantiate the results obtained in the
current study. Additionally, studies aspirating dominant follicles from animals that have
had their estruses synchronized in such a way that the dominant follicle of the first or
second wave would ovulate at insemination would elucidate whether or not the
differences observed during spontaneous development of dominant follicles of the first
and second wave are similar for induced dominant follicles.
Conclusions
In conclusion, ovulatory follicles contain greater concentrations of estradiol than
non-ovulatory follicles after 4 d of dominance; however, non-ovulatory follicles do not
differ in their concentrations of intra-follicular steroid hormones. Additionally, the
concentrations of steroid hormones in follicular fluid do not differ between females
classified as LAFC or MAFC. Blood perfusion of the dominant follicle tended to be
greater in dominant follicles from the second non-ovulatory wave in females exhibiting 3
waves. The diameters of dominant follicles of the second non-ovulatory wave in females
exhibiting 3 waves were smallest in diameter and no differences in diameter were
observed between the dominant follicles from other waves.
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E:P

3.64 ± 1.78

87.80 ± 40.94

Progesterone, ng/mL
1.20 ± 0.39

242.70 ± 90.68

68.42 ± 13.49

1.75 ± 0.66

55.88 ± 8.83

92.59 ± 35.66

11.28 ± 0.47b

n=6

SW (3-wave
pattern)

0.60

0.81

0.43

0.007

P-values

14.02 ± 3.53

107.16 ± 29.74

1,000.71 ± 214.92

12.88 ± 0.41

n = 14

2

29.92 ± 9.02

81.14 ± 18.56

1,429.39 ± 334.49

12.89 ± 0.51

n=9

Ovulatory2
SW (2-wave
TW (3-wave
pattern)
pattern)

FW = first wave; SW = second wave
SW = second wave; TW = third wave
a,b
Different letters in a row denotes a significant difference between treatment groups (P ≤ 0.05)

1

193.53 ± 93.93

Estradiol, ng/mL

n=6
12.93 ± 0.38a

n=9

FW (2-wave
pattern)

13.57 ± 0.48a

Non-Ovulatory1
FW (3-wave
pattern)

0.36

0.61

0.38

0.99

P-values

Diameter and intra-follicular concentrations of steroids and ratio of estradiol to progesterone (E:P) from dominant
follicles aspirated from non-ovulatory1 and ovulatory2 follicular waves.

Diameter, mm

Table 2.1

67

Table 2.2

Concentrations of steroids and the ratio of estradiol to progesterone (E:P) in
follicular fluid from dominant follicles of cows classified as low antral
follicle count (LAFC) or moderate antral follicle count (MAFC).
P-values

LAFC

MAFC

n = 28

n = 16

Estradiol, ng/mL

568.70 ± 134.95

830.21 ± 255.39

0.53

Progesterone, ng/mL

101.49 ± 24.63

152.21 ± 46.90

0.11

10.32 ± 2.79

13.73 ± 5.50

0.86

E:P

Figure 2.1

Timeline of ultrasonography examinations

The top timeline depicts the start of ultrasound exams in females assigned to the first
anovulatory wave. The day a female was first observed in estrus was considered d 0 and
daily ultrasound exams began on d 1. Exams continued until the follicle had been
dominant for 4 d at which point the follicle was aspirated. The bottom timeline depicts
the start of ultrasound exams in females assigned to the second anovulatory wave. The
day a female was first observed in estrus was considered d 0 and daily ultrasound exams
began on d 7. Exams continued until the follicle had been dominant for 4 d at which point
the follicle was aspirated.
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Figure 2.2

Diameters of dominant follicles over the 4 days of dominance

The dominant follicle of the first non-ovulatory wave growing ipsilateral (NON1-IPSI) to
the corpus luteum (CL) is represented by the dotted line. The dominant follicle of the first
non-ovulatory wave growing contralateral to the CL (NON1-CONT) is represented by
the long dashed line. The dominant follicle of the second non-ovulatory wave growing
ipsilateral to the CL (NON2-IPSI) is represented by the solid black line. The dominant
follicle of the second non-ovulatory wave growing contralateral to the CL (NON2CONT) is represented by the short dashed line. ‡ denotes days where NON1-IPSI,
NON1-CONT, and NON2-CONT were different from NON2-IPSI (P ≤ 0.05). # denotes
days where NON1-IPSI and NON1-CONT were different from NON2-IPSI and NON2CONT (P ≤ 0.05). † denotes days where NON1-IPSI and NON1-CONT were different
from NON2-IPSI (P ≤ 0.05).
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CHAPTER III
THE EFFECT OF FOLLICULAR WAVE ON DIAMETER OF THE DOMINANT
FOLLICLE, ENDOMETRIAL THICKNESS, AND PREGNANCY RATES
IN BEEF CATTLE
Abstract
The objectives of this experiment were to determine the effects of follicular wave
(first or second) on diameter of the dominant follicle, thickness of the endometrium,
pregnancy to AI, as well as concentrations of progesterone and estradiol and the hepatic
enzymes that inactivate them. Beef heifers (n = 44) and cows (n = 33) were randomly
assigned to 1 of 2 treatments: insemination to the first follicular wave (FFW) or
insemination to the second follicular wave (SFW). Females were presynchronized with 2
injections of PGF2α and then synchronized with the CO-Synch protocol to attain proper
timing for the treatments. The MIXED procedure of SAS was used to analyze all data and
LSMeans are presented. A similar proportion of females responded to
presynchronization; however, females in the FFW group ovulated in response to the first
injection of GnRH of the CO-Synch protocol more frequently. Only females (n = 94) that
responded to synchronization in such a way that they were at the assigned follicular wave
at the appropriate time were included in further analyses. Treatment x parity interactions
existed for diameter of the dominant follicle (P = 0.06) and pregnancy rates (P = 0.04).
Cows in the FFW group tended (P = 0.06) to have larger ovulatory follicles 36 h post74

PGF2α of the Co-Synch protocol compared to cows in the SFW group (14.22 ± 0.42 and
11.83 ± 0.49, respectively), whereas heifers were similar between treatment groups.
Heifers in the FFW tended (P = 0.07) to have lesser pregnancy rates (31.8%) than heifers
in the SFW group (54.5%), whereas cows were similar between treatment groups.
Endometrial thicknesses were similar between treatment groups but were thicker (P <
0.0001) in cows (9.73 ± 0.24 mm) versus heifers (7.22 ± 0.26 mm). Circulating
concentrations of progesterone were lesser (P = 0.01) in females in the FFW (3.63 ± 0.80
ng/mL) than in the SFW (7.12 ± 0.83 ng/mL), whereas concentrations of estradiol tended
(P = 0.08) to be greater in those in the FFW (82.72 ± 6.48 pg/mL) than in the SFW
(65.55 ± 6.74 pg/mL). Concentrations of cytochrome P450 1A in the liver were lesser (P
= 0.01) in females in the FFW compared to those in the SFW (0.68 ± 0.08 vs 0.96 ± 0.06,
respectively) while the other 4 enzymes measured were similar between treatment
groups. The differences in concentrations of progesterone and estradiol between
treatment groups may affect fertility of heifers; however, additional research is necessary
to elucidate these effects.
Introduction
The dominant follicle of the first follicular wave (FFW) develops when the
concentration of progesterone is increasing whereas the dominant follicle of the second
follicular wave (SFW) develops under maximal concentrations of progesterone. Dairy
cows with a lesser circulating concentration of progesterone during the development of
the ovulatory follicle acquired endometrial estrogen receptor-α prematurely which
hastened the release of PGF2α and tended to increase the incidence of shortened luteal
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phases (Cerri et al., 2011). Embryos obtained from dairy cows superstimulated during the
FFW were also of poorer quality (Rivera et al., 2011).
Pregnancy rates were increased in dairy cows artificially inseminated (AI) after
ovulation of the dominant follicle of the SFW versus the dominant follicle of the FFW
(Bisinotto et al., 2010) which is consistent with the findings of Denicol et al. (2012).
Additionally, animals synchronized to be inseminated to the dominant follicle of the
FFW receiving supplemental progesterone had pregnancy rates similar to cows
inseminated after ovulation of the dominant follicle of the SFW (Denicol et al., 2012).
We hypothesized that females synchronized to ovulate the dominant follicle of the
SFW at timed-AI would have greater pregnancy rates than females synchronized to
ovulate the dominant follicle of the FFW. The objectives of this experiment were to
determine the effects of follicular wave (first or second) on diameter of the dominant
follicle, thickness of the endometrium, pregnancy to AI, as well as concentrations of
progesterone and estradiol and the hepatic enzymes that inactivate them.
Materials and Methods
All procedures in this study were approved by the Institutional Animal Care and
Use Committee of Mississippi State University.
Animals, Housing, and Feeding
A total of 154 Bos taurus females at the H. H. Leveck Animal Research CenterBeef Unit (Mississippi State, MS) were assigned to the experiment. Body condition
scores (BCS; 1 = extremely emaciated to 9 = very obese; Whitman, 1975) were evaluated
on the same day in all heifers and on the same day in all cows 10 or 15 d prior to the start
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of presynchronization in females assigned to the SFW and FFW, respectively. Yearling
heifers (n = 88) had an average BCS of 5.9 (range of 5 to 6). Cows (n = 66) averaged 5.1
years of age (range of 2 to 10) and had an average BCS of 5.7 (range of 5 to 7.5). Cows
and their calves were housed separately from heifers in similar pastures consisting of
Dallis, Bermuda, Johnson, and Fescue grasses. Females also had ad libitum access to a
protein supplement (32% CP, Sup-R-Lix, Purina Mills, Gray Summit, MO), mineral mix
(Wind and Rain All season, Purina Mills), water, and hay (Dallis, Bermuda, Johnson, and
Fescue grasses).
Treatments
Females were evenly and randomly assigned to 1 of 2 treatments (44 heifers and
33 cows in each), inseminated to the FFW or the SFW, similar to the protocol outlined by
Bisinotto et al. (2010) but modified for use of the 7-d Co-Synch synchronization protocol
(Geary et al., 2001).
Figure 3.1 depicts the timeline of data collection and injections of hormones for
presynchronization and synchronization in females. The estrous cycles were
presynchronized with 2 injections of PGF2α (25 mg i.m., Lutalyse, dinoprost
tromethamine, Zoetis, Madison, NJ) administered 14 d apart. Presynchronization began 7
d earlier in females assigned to the SFW so that all heifers were inseminated on the same
day and all cows were inseminated on the same day. Estrus synchronization was initiated
3 d and 10 d after the second injection of PGF2α of the presynchronization protocol in
females assigned to the FFW and SFW, respectively (Fig. 3.2). The 7-d Co-Synch
protocol consists of an initial injection of GnRH (GnRH1; 100 μg i.m., Cystorelin,
gonadorelin diacetate tetrahydrate, Merial, Duluth, GA) followed by an injection of
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PGF2α (25 mg i.m., Lutalyse) 7 d later. A second injection of GnRH (GnRH2; 100 μg
i.m., Cystorelin) was administered 60 to 66 h after PGF2α, concurrent with AI. Two
trained technicians inseminated all females with semen from 15 different sires which
were equally allocated between the 2 treatment groups.
Ultrasonography
Ovaries were examined via transrectal ultrasonography (10.0- to 5.0-MHz lineararray transducer, MicroMaxx, Sonosite Inc., Bothell, WA) on the day of the second
injection of PGF2α of the presynchronization to confirm the presence of a corpus luteum
(CL). Ultrasonographic examination and mapping of the ovaries were also performed at
GnRH1 and 6 d later. The location and diameter of the CL and all follicles ≥ 2 mm were
recorded. Females with a newly formed CL in the ovary which contained the dominant
follicle observed at GnRH1 were considered to have ovulated in response to GnRH1.
Females that ovulated in response to GnRH1 were subjected to an additional
transrectal ultrasonography exam, 1 d prior to AI. Ovaries were examined to record the
diameter of the dominant follicle and the uterine horns were evaluated to measure the
thickness of the endometrium. An image of each uterine horn approximately 1 cm
(heifers) or 2 cm (cows) from the internal uterine bifurcation was acquired and internal
calipers of the ultrasound machine measured the endometrium from the dorsal
myometrial-endometrial delineation to the ventral myometrial-endometrial delineation
(Fig. 3.3). Final endometrial thickness was calculated by dividing the endometrial
thickness by 2 and averaging the thicknesses of each uterine horn.

78

Blood Collection and Analysis
Blood was collected by coccygeal venipuncture into evacuated tubes spray-coated
with K2 EDTA (Becton, Dickinson and Co., Franklin Lakes, NJ) and immediately placed
on ice. Two blood samples for determination of cyclic status were collected on the same
days in all heifers and the same days in all cows, 10 and 15 d prior to the first injection of
PGF2α of the presynchronization protocol and 10 d later, in females assigned to the SFW
and FFW, respectively. Females were considered to be cycling if the concentration of
progesterone in any 1 of the 2 plasma samples exceeded 1.0 ng/mL. Blood was also
collected on the day of liver biopsy in the randomly selected females. Within 2 h of
collection, the tubes were centrifuged at 2,000 x g at 4°C for 20 min and stored at -20°C
until subsequent analysis. The concentration of progesterone and estrogen in plasma was
determined by immunoassay (Immulite 1000, Siemens, Malvern, PA) according to
manufacturer's instructions.
Liver Collection and Processing
Twenty-five females that were successfully presynchronized and ovulated in
response to GnRH1 were randomly selected for a liver biopsy on the day of PGF2α (Fig.
3.1) in such a way that treatment and parity were equally represented. The biopsy
procedure was performed following previously published methods (Lemley et al., 2010).
Hair was clipped at the 10th intercostal space on the right side of the animal and an
ultrasound exam was performed to locate and avoid hepatic vessels during the procedure.
The surrounding area was scrubbed 3 times with betadine (Purdue Products L. P.,
Stanford, CT), followed by the administration of a local anesthetic (10 mL of 2%
lidocaine hydrochloride; MWI, Boise, ID). The skin was subsequently punctured with a
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scalpel blade and the liver sample was collected with a biopsy needle manufactured at
Mississippi State University's Department of Agricultural and Biological Engineering
(Mississippi State) following specifications of Swanson et al. (2000). The liver sample
was placed in a cryogenic vial, snap frozen in liquid nitrogen, and stored at -80°C until
analysis of hepatic enzyme activity. The incision was closed with a skin staple, which
was removed 5 d later, and sprayed with Blu-Kote antiseptic (H. W. Naylor Co. Inc.,
Morris, NY). Animals were monitored daily between biopsy and staple removal for
potential complications.
Approximately 100 mg of liver tissue was weighed and submerged in 2 mL of
potassium phosphate (KPO4) buffer (400 mM; pH=7.4) and homogenized in a glass
Dounce homogenizer. The homogenate was centrifuged at 10,000 x g for 10 min at 4°C
and the supernatant was aliquoted and stored at -80°C. The concentration of protein in the
supernatant was determined using a Coomassie Plus (Bradford) protein assay according
to manufacturer's protocol (Thermo Scientific, Rockford, IL).
Cytochrome P450 Activity Assays
Assays for cytochrome P450 (CYP) 1A, CYP3A, and CYP2C and nicotinamide
adenine dinucleotide phosphate (NADPH) regeneration (Promega Corporation, Madison,
WI) were conducted according to the methods of Hart et al. (2014). Reconstitution buffer
was added to luciferin detection reagent. Luciferin CEE (CYP1A), luciferin IPA
(CYP3A), and luciferin H (CYP2C) were diluted in KPO4 buffer. Liver homogenates (30
µg of protein per well) and enzyme-specific luciferin substrate were added in duplicate to
96-well opaque white plates and pre-incubated for 10 min (CYP1A and CYP3A) or 30
min (CYP2C) at 37°C. Following pre-incubation, NADPH regeneration solution was
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added to each well and plates were incubated for 30 min (CYP1A and CYP2C) or 10 min
(CYP3A) at 37°C. After incubation, luciferin detection reagent was added to each well
and plates were protected from light and incubated for an additional 20 min at room
temperature. Luminescence was then measured using a Promega Multi-Plus plate reader
(Promega Corporation).
Aldo-Keto Reductase 1C
Activity of AKR1C was determined following the published methods of Lemley
and Wilson (2010). Briefly, enzymatic reactions contained 150 μg of cytoplasmic protein,
250μM substrate-specific 1-acenapthenol (Pfaltz & Bauer, Waterbury, CT), and 500 μM
NADP. The 1-acenapthenol–dependent reduction of NADP was standardized from the
amount of cytoplasmic protein. The reduction of NADP was determined by measuring of
the amount of light absorbed at 340 nm for 10 min (Spectra Max Plus plate reader,
Sunnyvale, CA). The extinction coefficient for NADPH (6,220 L/mol x cm) was used to
calculate the rate of reduced NADP in pmol per min per mg of protein.
Uridine 5'-Diphospho-Glucuronsyltransferase
Assay for UGT (Promega Corporation) was performed according to Hart et al.
(2014). Briefly, uridine diphosphoglucoronic acid (UDPGA) was added to half of the
wells of a 96-well opaque white plate to act as reaction wells, and distilled water was
added to the other half to serve as control wells. The UGT reaction mixture containing
UGT multienzyme substrate was then added to all wells. In duplicate, liver homogenates
(28 μg of liver protein per well) were then added to the plate and the plate was preincubated for 10 min at 37°C. After pre-incubation, detection reagent was added to each
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well, the plate was protected from light, and incubated for an additional 20 min at room
temperature. The plate was then analyzed using a Promega Multi-Plus plate reader using
luminescence detection mode.
Statistical Analysis
Pregnancy rates, percentage of females that properly presynchronized, percentage
of females ovulating in response to GnRH1, diameter of the ovulatory follicle, and
endometrial thickness were analyzed using the MIXED procedure of SAS (version 9.4,
SAS Inst. Inc., Cary, NC). The model contained cow, treatment, parity, AI technician,
sire, and time of AI. Concentrations of hepatic enzymes were non-normally distributed
and corrected using the Wilcoxon rank sum test. Circulating concentration of
progesterone and estradiol were also analyzed using the MIXED procedure of SAS.
Means were separated using the PDIFF option of the LSMEANS statement. Statistical
significance was declared at P ≤ 0.05 and tendencies were discussed when 0.05 > P ≤
0.10.
Results
When examining all females, a similar proportion of heifers and cows (P = 0.65)
and females assigned to the FFW and SFW (P = 0.30) had a CL at the second injection of
PGF2α of the presynchronization protocol; however, females assigned to the FFW
ovulated in response to the first injection of GnRH more frequently (P = 0.02). When
examining only the females that had a CL at the second presynchronization injection of
PGF2α, a greater number of FFW females (P = 0.0005) and cows (P = 0.004) ovulated in
response to GnRH1 than SFW and heifers.
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Treatment and parity interacted and tended (P = 0.07) to affect overall pregnancy
rates, and affected pregnancy rates in females that ovulated their assigned wave at
insemination (P = 0.04; Table 3.1). There was no effect of body condition (P = 0.59), or
days postpartum (P = 0.87) on pregnancy rates. Females that were cycling prior to
presynchronization had an increased pregnancy rate compared to females that were not
considered to be cycling (51.0 vs. 26.9%, respectively; P = 0.004). However, from the
second presynchronization injection of PGF2α to GnRH1 of the synchronization protocol,
only 18 animals did not have a CL; therefore, all but 18 animals were cycling prior to the
start of the synchronization protocol. There was no effect of AI technician (P = 0.96),
sire (P = 0.70), or the time of AI (P = 0.58) on pregnancy rates.
Treatment and parity tended (P = 0.06) to affect the diameter of the dominant
follicle 36 h post-PGF2α, whereas the thickness of the endometrium was only affected by
age (P < 0.0001; Table 3.2).
The concentration of progesterone was affected by treatment (P = 0.01), whereas
the concentration of estradiol tended (P = 0.08) to differ between treatments and differed
(P = 0.05) between heifers and cows (Table 3.3). The concentration of CYP1A differed
(P = 0.01) between treatments, whereas the concentration of CYP3A and UGT differed
(P = 0.003 and P = 0.001, respectively) between heifers and cows; however, the
concentration of CYP2C and AKR1C were unaffected by treatment and age (Table 3.3).
Discussion
In order for a synchronization protocol to be successful, females should ovulate
after the first injection of GnRH in order to synchronize the emergence of the subsequent
follicular wave and provide adequate time for development of a functional dominant
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follicle capable of ovulating after the second injection of GnRH (Vasconcelos et al.,
1999; Bello et al., 2006; Atkins et al., 2007). In the current study, 77% of females overall,
and 91% of females that responded to presynchronization, receiving GnRH1 3 d after the
second injection of PGF2α of the presynchronization protocol, ovulated whereas only
60% of females overall, and 64% of the females that responded to presynchronization,
receiving GnRH1 10 d after the second injection of PGF2α of the presynchronization
protocol, ovulated. Bisinotto et al. (2010) reported 88 and 79% of dairy cows ovulated to
GnRH1, three and 10 d after the second injection of PGF2α of the presynchronization
protocol. A study using a similar synchronization protocol reported ovulation rates after
GnRH1 to be almost 70% in dairy cows receiving GnRH1, three or 10 d after the second
injection of PGF2α of the presynchronization protocol (Denicol et al., 2012). The reduced
response rate to GnRH1 in females assigned to the SFW may be due to a hastened
ovulation after the second injection of PGF2α of the presynchronization protocol,
resulting in an older dominant follicle. Four of 19 beef heifers on d 10 of their estrous
cycle (d 0 = estrus) ovulated after administration of GnRH (Atkins et al., 2007) and 22%
of beef heifers ovulated after GnRH administration on d 9 of the estrous cycle (d 0 =
ovulation; Martinez et al., 1999). Although fewer than 70% of females assigned to the
SFW in the current study ovulated in response to GnRH1, Martinez et al. (1999) reported
that emergence of the second follicular wave occurred by d 10 in all beef heifers that did
not respond to GnRH, which suggests that the dominant follicle at the time of
insemination in the current study was the dominant follicle of the SFW.
Pregnancy rates were greater in heifers that were inseminated at the synchronized
ovulation of the SFW compared to heifers inseminated at the synchronized ovulation of
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the FFW; however, no difference was observed in pregnancy rates in cows assigned to
insemination of the dominant follicle of the FFW or SFW. Pregnancy rates were greater
in dairy females that were inseminated at the synchronized ovulation of the SFW
compared to dairy females that were inseminated at the synchronized ovulation of the
FFW (Cartmill et al., 2001; Moreira et al., 2001; Navanukraw et al., 2004; Bisinotto et
al., 2010; Denicol et al., 2012). Moreover, dairy cows assigned to the FFW that were
administered 2 CIDR devices, resulted in pregnancy rates similar to those in females
assigned to the SFW (Denicol et al., 2012).
The concentration of progesterone was greater in females assigned to the SFW
compared to the FFW in the subset of animals selected for liver biopsy. The bovine CL
does not significantly increase in size after d 7; however, blood perfusion of the CL and
the circulating concentration of progesterone continue to increase until regression
(Herzog et al., 2010). Ovarian blood flow and peripheral concentration of progesterone
are positively correlated in beef cows (Ford and Chenault, 1981); however, the peripheral
concentration of progesterone is affected not only by production by the CL but by its
inactivation by hepatic enzymes. No studies have been conducted to determine whether
the downregulation of hepatic enzymes that inactivate progesterone factor into the
increase in progesterone during diestrus. In the current study, liver biopsies were
performed 10 and 17 d after the second injection of PGF2α of the presynchronization
protocol in females assigned to the FFW and SFW, respectively. Cytochrome P450 2C,
AKR1C, and UGT, the primary enzymes responsible for progesterone inactivation, were
not different between treatments, therefore the increased concentration of progesterone in
females assigned to the SFW is unlikely to be due to an decrease in inactivation.
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Progesterone is critical to reproductive success, responsible for development of the
follicle and oocyte, and stimulation of secretion of nutrients and growth factors from
endometrial glands (Graham and Clarke, 1997). The FFW emerges around the day of
ovulation (Ginther et al., 1989) during a basal and rising concentration of circulating
progesterone as well as a greater frequency of LH pulses (Jaiswal, 2009) which can
decrease the quality of the oocyte (Revah and Butler, 1996). In fact, dairy cows
superstimulated during the SFW had fewer degenerated embryos and unfertilized
oocytes, and greater quality embryos compared to dairy cows superstimulated during the
FFW (Rivera et al., 2011). Additionally, when dairy females superstimulated during the
FFW were supplemented with progesterone via 2 CIDR devices, the quality of collected
embryos was similar to the embryos collected from females superstimulated during the
SFW (Rivera et al., 2011). A lesser concentration of progesterone during development of
the ovulatory follicle also hastened endometrial synthesis of PGF2α in dairy animals
(Cerri et al. 2011).
The concentration of estradiol tended to be greater in females assigned to the
FFW compared to the SFW in the subset of animals selected for liver biopsy. Increased
activity of CYP1A, an enzyme responsible for phase 1 inactivation of estradiol, was
observed in females assigned to the SFW, which is in agreement with the tendency for a
lesser concentration of estradiol; however, activities of CYP3A (estradiol inactivation)
and UGT (inactivation of estradiol and progesterone) were similar between treatments.
Prolonged exposure to increased concentrations of estradiol prior to insemination resulted
in poorer pregnancy rates compared to beef animals that had a greater concentration of
progesterone which suppressed the production of estradiol (Wehrman et al., 1993).
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Progesterone is also necessary to prime the uterus for proliferation during
estradiol predominance during the follicular phase prior to ovulation (Souza et al., 2011).
We hypothesized that females assigned to the SFW would have a greater endometrial
thickness 24 h after the injection of PGF2α of the synchronization protocol due to the
increased circulating concentrations of progesterone; however, there was no effect of
treatment on endometrial thickness. Further, endometrial thickness in both treatment
groups was greater than 8 mm, which has been reported to be the minimum required for
adequate fertility (Souza et al., 2011), thus endometrial thickness may not be a factor that
reduces pregnancy rates in animals inseminated to the dominant follicle of the FFW.
Size of the follicle may also be an indicator of fertility (Vasconcelos et al., 2001;
Perry et al., 2005; Lopes et al., 2007). Ovulatory follicle diameter in the current study
was affected by treatment and parity; cows assigned to the SFW and FFW having the
smallest and largest diameters, respectively. Regression analyses indicated that maximum
pregnancy rates in beef cows were attained when the follicle induced to ovulate was a
diameter of 14.7 mm and decreased approximately 15% when the follicle induced to
ovulate was a diameter of 12.8 mm (Perry et al., 2005). Although the diameter of the
ovulatory follicle in cows assigned to the SFW was smaller than 12.8 mm, they
developed during diestrus, with progesterone suppressing LH (Jaiswal, 2009), and may
therefore have reached physiological maturity at a smaller size. In fact, Vasconcelos et al.
(1999) reported ovulatory follicles of the SFW being smaller in diameter compared to
ovulatory follicles derived from the FFW although pregnancy rates were increased in
females that ovulated the SFW.
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Conclusions
In conclusion, pregnancy rates overall, and in animals that ovulated their assigned
follicular wave, were greatest in heifers inseminated to the dominant follicle of the SFW.
Although the diameter of the ovulatory follicle in cows assigned to the FFW was greatest
and thickness of the endometrium was greater in cows than heifers, the measurements of
reproductive tissues in females within each treatment and age categories were greater
than the minimums reported for adequate fertility. Additionally, the concentration of
progesterone was greater and the concentration of estradiol tended to be lesser in females
assigned to the SFW, although only the concentration of CYP1A differed between the
treatments.
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Parity

49.0 (25/52)
-

66.4 (43/65)a
49.1 (32/65)

73.9 (65/88)
63.6 (56/88)
43.2 (38/88)
-

Heifer %
(no./no.)

47.7 (20/42)
-

88.6 (43/49)b
40.4 (22/49)

77.3 (49/66)
74.2 (49/66)
42.4 (28/66)
-

Cow %
(no./no.)

0.01
-

0.0005
0.12

0.30
0.02
0.30
-

Treatmen
t

0.90
-

0.004
0.35

0.65
0.16
0.92
-

Parity

P-values

0.04
-

0.17
0.29

0.39
0.11
0.07
-

Trt*Parit
y

Two treatment assignments, FFW = ovulation and insemination of the dominant follicle of the first follicular wave; SFW =
ovulation and insemination of the dominant follicle of the second follicular wave
2
Second injection of PGF2α of the presynchronization protocol
3
First injection of GnRH of the Co-Synch synchronization protocol
a,b
Different letters in a row denotes a significant difference between treatment groups (P ≤ 0.05)
x,y
Different letters in a row denotes a trend toward a difference between treatment groups (P ≤ 0.10)

1

61.0 (28/45)
72.0 (18/25)y
50.0 (10/20)x,y

64.0 (37/59)b
52.0 (31/59)

90.9 (49/55)a
37.5 (23/55)
35.7 (17/49)
25.9 (7/27)x
45.4 (10/22)x,y

79.5 (59/77)
60.5 (46/77)b
47.0 (37/77)
54.5 (24/44)y
39.4 (13/33)x,y

SFW %
(no./no.)

71.7 (55/77)
77.4 (59/77)a
38.6 (29/77)
31.8 (14/44)x
45.4 (15/33)x,y

FFW %
(no./no.)

Treatment1

Ovarian response to synchronization protocol and pregnancy rates.

Overall
CL at PGF2
Ovulated to GnRH13
Pregnancy rate
Heifer
Cow
Properly presynchronized
Ovulated to GnRH13
Pregnancy rate
Ovulated assigned follicular wave
Pregnancy rate
Heifer
Cow

Table 3.1
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Endometrial Thickness, mm

8.55 ± 0.22

8.40 ± 0.28

11.83 ± 0.49y

12.16 ± 0.54x,y

7.22 ± 0.26

-

-

a

12.47 ± 0.33

n = 40

Heifer
n = 42

Cow

0.69

9.73 ± 0.24
b

-

0.002

Treatment

-

-

13.03 ± 0.33

Parity

<0.0001

-

-

0.23

Parity

P-values

0.40

-

-

0.06

Trt*Parity

Two treatment assignments, FFW = ovulation and insemination of the dominant follicle of the first follicular wave; SFW =
ovulation and insemination of the dominant follicle of the second follicular wave
a,b
Different letters in a row denotes a significant difference between treatment groups (P ≤ 0.05)
x,y
Different letters in a row denotes a trend toward a difference between treatment groups (P ≤ 0.10)

1

Cow

Heifer

12.00 ± 0.37

n = 32

n = 50
13.50 ± 0.29
12.78 ±
0.38x,y
14.22 ±
0.42x

SFW

FFW

Treatment1

Effects of treatment and age on ovulatory follicle diameter and endometrial thickness in presynchronized females that
ovulated in response to the first injection of GnRH.

Diameter of the Ovulatory Follicle, mm

Table 3.2
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0.96 ± 0.06b
3.84 ± 0.14
0.68 ± 0.05
2.15 ± 0.33
61.10 ± 4.02

0.68 ± 0.08a
3.56 ± 0.30
0.58 ± 0.06
2.50 ± 0.49
56.21 ± 4.60

0.73 ± 0.10
3.55 ± 0.31
0.52 ± 0.06a
1.67 ± 0.37a
58.78 ± 5.21

6.06 ± 0.80
83.73 ± 6.48a
0.91 ± 0.05
3.85 ± 0.13
0.74 ± 0.04b
2.98 ± 0.37b
58.53 ± 3.37

4.69 ± 0.83
64.54 ± 6.74b

Parity
Heifer (n=13)
Cow (n=12)

0.01
0.65
0.41
0.85
0.55

0.01
0.08

Trt

0.12
0.81
0.003
0.01
0.93

0.25
0.05

0.11
0.34
0.33
0.19
0.76

0.18
0.72

P-values
Parity Trt*Parity

Two treatment assignments, FFW = ovulation and insemination of the dominant follicle of the first follicular wave; SFW =
ovulation and insemination of the dominant follicle of the second follicular wave
2
Hepatic steroid inactivating enzymes examined, CYP1A = Cytochrome P450 1A; CYP2C = Cytochrome P450 2C; CYP3A =
Cytochrome P450 3A; UGT = uridine diphosphate-glucuronosyltransferase; AKR1C = aldo-keto reductase 1C
a,b
Different letters in a row denotes a significant difference between treatment groups (P ≤ 0.05)
x,y
Different letters in a row denotes a trend toward a difference between treatment groups (P ≤ 0.10)

1

7.12 ± 0.83b
65.55 ± 6.74y

3.63 ± 0.80a
82.72 ± 6.48x

Treatment1
FFW (n=13)
SFW (n=12)

Circulating concentrations of steroids, and activity of hepatic steroid-inactivating enzymes in subset of females
assigned to the first and second follicular wave.

Hormone
Progesterone (ng/ml)
Estradiol (pg/ml)
Enzyme2
CYP1A RLU/(min∙mg protein) x 10⁶
CYP2C RLU/(min∙mg protein) x 10³
CYP3A RLU/(min∙mg protein) x 10⁶
UGT RLU/(min∙mg protein) x 10⁶
AKR1C pmol/(min∙mg protein)

Table 3.3
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Figure 3.1

Timeline of data collection and injections of hormones for presynchronization and synchronization relative to time of
insemination ( d 0) for females assigned to be inseminated at the first follicular wave (top timeline) or the second
follicular wave (bottom timeline).

BS = blood sample; BCS = body condition score; US = ultrasound; LB = liver biopsy; TAI = timed artificial insemination.
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Figure 3.2

The induction of ovulation of the dominant follicle of the first follicular
wave or the second follicular wave.

After the second injection of PGF2α of the presynchronization, females assigned to the
FFW receive the first injection of GnRH of the synchronization protocol to ensure
ovulation of the dominant follicle of the previous estrous cycle. An injection of PGF2α is
administered 7 days later to regress the CL, decreasing the circulating concentration of
progesterone (solid black line), allowing the dominant follicle of the FFW to continue
developing and ovulate in response to the second injection of GnRH of the
synchronization administered at timed insemination. After the second injection of PGF2α
of the presynchronization, females assigned to the SFW receive the first injection of
GnRH of the synchronization protocol to induce emergence of the SFW. An injection of
PGF2α is administered 7 days later to regress the CL, decreasing the circulating
concentration of progesterone (solid black line), allowing the dominant follicle of the
SFW to continue developing and ovulate in response to the second injection of GnRH of
the synchronization administered at timed insemination.
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Figure 3.3

Measurement of the endometrium of the uterine horns.

A cross section of the uterine horns were obtained and the internal calipers of the
ultrasound machine were placed on the dorsal and ventral delineation between the
myometrium (darker gray) and endometrium (lighter gray). The final value for
endometrial thickness was calculated by dividing each horn measurement by 2 and
averaging those values from each uterine horn.
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CHAPTER IV
OVERALL CONCLUSIONS, IMPLICATIONS, AND FUTURE DIRECTIONS
Previous studies have reported an increase in pregnancy rates in lactating dairy
cows inseminated after induced ovulation of the second follicular wave compared to the
first follicular wave (Cartmill et al., 2001; Moreira et al., 2001; Navanukraw et al., 2004;
Bisinotto et al., 2010; Denicol et al., 2012). These findings are somewhat in agreement
with the findings in our second study which show an increase in pregnancy rates in beef
heifers that were inseminated after ovulation of the second follicular wave. Further,
supplementation of animals assigned to insemination of the first follicular wave with 2
CIDR devices during synchronization resulted in pregnancy rates similar to those
observed in females assigned to the second follicular wave (Denicol et al., 2012)
Additionally, dairy cows that were superovulated during the second follicular wave
yielded greater quality embryos than dairy cows that were superovulated during
development of the first follicular wave (Rivera et al., 2011). Again, supplementation of
females assigned to superovulation during development of the first follicular wave with 2
CIDR devices resulted in embryo quality similar to that observed in females assigned to
superovulation during development of the second follicular wave (Rivera et al., 2011).
The cause of these observed differences are unknown but may be related to a
difference in oocyte competence, uterine environment, or both; however, there is a
paucity of research in this area. The research presented in this dissertation was conducted
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in order to examine the effects of origin of the dominant follicle on intra-follicular
concentrations of steroids, blood perfusion of the follicular wall, uterine development,
and subsequent pregnancy rates in beef cattle. After 4 d of dominance, non-ovulatory
follicles of the first wave in females exhibiting 2 and 3 waves and non-ovulatory follicles
of the second wave in females exhibiting 3 waves were similar in their intra-follicular
concentrations of estradiol and progesterone as well as E:P. In the second study, females
assigned to the second follicular wave had greater circulating concentrations of
progesterone and tended to have lesser circulating concentrations of estradiol than
females assigned to the first follicular wave 3 d prior to insemination. Wehrman et al.
(1993) reported greater pregnancy rates in beef animals that had greater concentrations of
progesterone and lesser concentrations of estradiol prior to insemination. The thickness of
the endometrium did not differ between females assigned to be inseminated after
ovulation of the first or second follicular wave. Diameter of the ovulatory follicle 1.5 d
prior to insemination was largest in cows assigned to the first follicular wave, smallest in
cows assigned to the second follicular wave, and intermediate in heifers. Regression
analyses have shown maximum pregnancy rates in beef cows when the ovulatory follicle
is an average of 14.7 mm in diameter, with pregnancy rates declining in animals
ovulating a follicle 12.8 mm or less (Perry et al., 2005). However, Vasconcelos et al.
(1999) reported smaller diameters but greater pregnancy rates in females whose ovulatory
follicles derived from the second follicular wave.
This work may lead to several opportunities for future research. The
concentrations of intra-follicular steroids were not different among ovulatory follicles;
however, changes within the follicular microenvironment are dynamic and change
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through follicular development of the first follicular wave (Martin et al., 1991; Badinga et
al., 1992; Bodensteiner et al., 1996). Subsequent studies that collect dominant follicles
from first and second waves over several days of development may elucidate any
differences in the follicular fluid that occur over the period of development which may
affect developmental competence of the oocyte. These results may be beneficial for the in
vitro production of embryos. A better understanding of the dynamics of follicular fluid
may result in the development of a dynamic in vitro maturation and culture system that
could increase the percentage of oocytes developing to the blastocyst stage. Although
there was no difference in the thickness of the endometrium between treatments, Cerri et
al. (2011) reported a hastened endometrial synthesis of PGF2α in females whose ovulatory
follicle developed under lesser concentrations of progesterone. Endometrial biopsies and
uterine flushings may elucidate a difference in density of endometrial glands, or
biochemical composition of histotroph or endometrial gene expression that may provide a
more suitable environment for the early embryo that would not necessarily correspond to
an increase in endometrial thickness. Results from these studies may provide information
to increase our knowledge on the role of steroid hormones on development of the uterine
environment which may lead to development of therapeutics for use in the dairy industry,
or changes to estrus synchronization protocols that increase pregnancy success in the beef
industry.
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